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ABSTRACT  
The thesis concerns an integrated approach to investigating running−in of 
metallic surfaces under rolling/sliding conditions in the presence of the ZDDP 
anti−wear additive. 
Running−in occurs in the initial period of the contact process and involves rapid 
mechanical and chemical changes of rubbing surfaces, bulk material and lubricant, 
leading to reaching a steady state, in which an increased load−carrying capacity of the 
surfaces is achieved. Previous research suggested that anti−wear additives, such as 
ZDDPs, can prevent or postpone the effective running−in, preserving the relative 
surface roughness and maintaining the severity of asperity interactions. 
The friction, surface topography and the ZDDP tribofilm growth were measured 
in a number of rolling/sliding experiments carried out with an MTM tribotester. The 
specimens were varied according to their surface finish and hardness. To assess the 
influence of running−in on the change of lubrication regime, Stribeck curves were 
obtained at certain intervals during the test. Additionally, chosen worn surfaces and 
wear debris were analysed by a range of electron microscopy techniques. 
A novel method of wear calculation of rough surfaces was employed, based on a 
comparison of the 3D topography scans of the initial and worn surfaces. ZDDP films 
were chemically removed from the specimen surfaces using ethylenediaminetetraacetic 
acid (EDTA) sodium salt solution to ensure the correct results of the optical 
topography measurements. 
Studying running−in required the tests to be periodically interrupted, e.g. for 
topography measurements, and such interruptions were found to affect the wear, 
roughness and friction results; however, the main trends remained unchanged. 
A combination of AISI 1013 carbon steel and AISI 52100 bearing steel specimens 
was tested first, and the former were found unsuitable for use in this study, possibly 
due to the influence of the silicon carbide particles embedded in their surface on the 
wear mechanisms involved. As a result, the specimens made of AISI 52100 steel, but of 
different hardness, were used in the further testing. 
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A transition from boundary to mixed lubrication regime as a result of 
running−in, evident in the friction and electrical contact resistance results, was found 
only in the tests carried out without the additive. In the presence of ZDDP, the friction 
was higher than in the corresponding base oil tests, and the highest increase was 
observed in the mixed regime. The friction changes with time did not correlate with the 
increase of the tribofilm thickness, which suggested that the friction depended on the 
surface coverage with the tribofilm rather than its thickness. However, the possible 
influence of the film roughness on the surface topography was not investigated. While 
the rate of the film formation could be related to the value of the lambda ratio, the 
tribofilm removal was found to depend on the direction of the roughness lay. 
The asperity−level surface conformity was assessed using a cross−correlation 
analysis technique and it was found to be influenced by the orientation of the surface 
finish. Additionally, the EHL analysis of the profiles of a rough surface taken at 
different times during the test was used to observed the evolution of the contact 
pressure distribution with running−in. 
The optical phenomena involved in the spurious wear effect, previously found in 
the results of WLI topography measurements of surfaces with ZDDP films, were 
studied with a WLI scanning microscope and a confocal system. However, this effect 
was not observed in the results from the tempered AISI 52100 steel specimens, possibly 
because of the presence of the temper oxide on the surface. 
The reflectivity of the top layer of the film was low compared to the surface 
under the film. Under certain measurement conditions, the observed effect was 
assumed to be caused predominantly by a difference of the refractive index between 
the tribofilm and air. Thus, on the basis of the height difference between the surface 
with a film and after the film removal, and corrected for the difference in refractive 
index, the estimated thickness of the tribofilm was found for every measurement point. 
The resultant film thickness was within the range expected of a typical ZDDP tribofilm, 
and for a rough surface it was higher on the tops of asperities. A closer examination of 
the film properties and optical system design could be a foundation of a new film 
thickness measurement method, which would require accurate information to be 
obtained from both top and bottom surfaces of the film. 
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FFT Fast Fourier Transform 
FIB Focused Ion Beam 
ICP-AES Inductively Coupled Plasma − Atomic Emission Spectroscopy 
LCD Liquid Crystal Display 
LED Light-emitting diode 
MCP Multi-Chip Package 
MEMS Micro−electro−mechanical systems 
MoDTC Molybdenum dithio−carbamate 
MTM Mini Traction Machine 
PAO Polyalphaolefins 
PSI Phase−Shifting Interferometry 
PSM−IOM Phase Shift Mode Interferometric Optical Microscope 
PTLA Partial Thin Layer Activation 
R Aryl or alkyl group 
RCF Rolling Contact Fatigue 
RGB Red, green and blue 
RMS Root Mean Square 
RPM Revolutions per minute 
RNT Radionuclide technique 
SEM Scanning Electron Microscopy 
SLA Surface Layer Activation 
SLIM 3D Spacer Layer Imaging Method 
SPM Sinusoidal Phase Modulating 
TEM Transmission Electron Microscopy 
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TLA Thin Layer Activation 
VSI Vertical Scanning Interferometry 
WLI White Light Interferometry 
ZDDPs Zinc dialkyldithiophosphates 
  
cs A ball specimen made of AISI 1013 steel 
hb A ball specimen made of AISI 52100 steel (885HV) 
sb A ball specimen made of AISI 52100 steel (680HV) 
sm A disc specimen made of AISI 52100 steel with smooth finish 
(Sq = 0.01±0.01 µm) 
iso A disc specimen made of AISI 52100 steel with isotropic finish 
(Sq = 0.24±0.01 µm) 
uni A disc specimen made of AISI 52100 steel with unidirectional finish 
(Sq = 0.30±0.01 µm) 
bo Neat base oil 
zddp Base oil + 1% wt. ZDDP 
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Chapter 1. INTRODUCTION 
In this chapter, a short explanation of the background of this project is provided, 
followed by a presentation of the main objectives of the work and a description of the 
thesis layout. 
1.1. Background 
When two surfaces rub together, the energy introduced into the system is 
dissipated as heat, generation of wear debris, modification of surface topography and 
near−surface regions, initiation of tribochemical reactions, etc. (Wallace 1940). 
Therefore, investigating tribological contacts is a complex task and requires a 
multidisciplinary approach involving not only tribology itself, but also other sciences: 
physics, chemistry, contact mechanics, fluid mechanics, crystallography, metallurgy, 
biology, medicine, etc. 
It is even more challenging to characterise the initial stage of the repeated contact 
process, which is called “running−in”. During this period, a properly designed system 
will in a short time experience a transition from an initial state to a steady state. The 
dynamics of the changes of the system properties will usually be the highest at the 
commencing of rubbing and decrease towards reaching the steady state. Therefore, the 
performance (friction, wear, useful life) of tribological contacts is difficult to predict 
because the constitution, topography and structure of the extreme surface is not known 
in advance, but develops during the lifetime of the component due to local plastic 
deformation, wear, and the formation and removal of deposited solid films 
(“tribofilms”). Many of these changes occur fairly rapidly during running−in but some, 
such as tribofilms, evolve relatively slowly. 
Successful running−in depends on many factors, including the physical 
conditions of the system, material characteristics of the rubbing surfaces and chemistry 
of the lubricant, and additives. To identify the relevant mechanisms, both mechanical 
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and chemical, and develop techniques which can predict or account for the observed 
behaviour, a comprehensive analysis of the processes taking place during running−in 
must be carried out. 
In the earlier work (Benyajati 2005) it was observed, that the presence of ZDDP 
anti−wear additives (zinc dialkyldithiophosphates) during running−in might be a 
cause of micropitting occurring in the later stages of a tribotest. Micropitting did not 
occur when the additive was added after conducting running−in with a base oil (an 
“additive introduced” test, Figure 1−1a). Furthermore, the change of roughness of the 
counterface (in transverse direction) showed a similar behaviour in both base oil and 
“additive introduced” tests (Figure 1−1b). It was concluded that ZDDP prevents or 
postpones the effective running−in of rough surfaces, supposedly because it very 
rapidly forms a protective film on the surface. This leads to high asperity stresses being 
maintained and consequent micropitting. 
(a)  
(b)  
Figure 1−1. Influence of a ZDDP anti−wear additive on micropitting (a) a wear 
curve, (b) the Ra roughness of the counterface measured in a 
transverse direction. PAO (polyalphaolefins) – a synthetic base oil. 
(Benyajati 2005) 
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Micropitting is a type of fatigue failure, most often found in non−conforming 
surfaces running under lubricated mixed rolling/sliding conditions. It is characterised 
by small shallow pits and cracks of size corresponding to the asperity scale of the 
rough counterface. Its cause is attributed to the situation when the lubricant film is 
thinner than the composite roughness of contacting surfaces for a prolonged period of 
time. It was observed that the presence of anti−wear additives seems to promote this 
form of wear (Cardis and Webster 2000), but no details of additives tested or 
underlying mechanisms were given. Benyajati proposed that for ZDDPs the protective 
film is formed very rapidly on the surface, consequently preventing or postponing 
effective running−in of rough surfaces (Benyajati 2005). High asperity stresses are 
maintained and, as a result, micropitting is initiated. No clear answer could be given as 
to whether this behaviour is a feature of all antiwear additives or of ZDDPs in 
particular. 
Lainé confirmed that ZDDPs suppress gradual smoothing of rough surfaces, as 
compared to the base oil case, slowing down the running−in and contributing to the 
onset of micropitting (Lainé 2009). Further tests done with an oil containing both a 
ZDDP and a common friction modifier MoDTC (molybdenum dithio−carbamate) 
showed that, even though the micropitting wear was present, it gradually disappeared 
with continued running and severe damage did not occur. It was suggested that 
MoDTC deposits on asperity crests cause the reduction of friction and, consequently, of 
local tensile stresses, thus reducing the opening of any initiated surface cracks and 
inhibiting their propagation. 
In the light of these observations, it can be seen that there is a need for a thorough 
study focused on running−in of rough metallic surfaces under rolling/sliding 
conditions, taking into account the presence of the anti−wear additives. As a vast 
majority of running−in research so far has concentrated on conforming sliding surfaces, 
experiencing high amounts of wear, suitable testing procedures for running−in under 
mild wear conditions will need to be developed. 
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1.2. Objectives 
Lubricant additives play a very significant role in running−in, controlling the 
evolution of the surface roughness and, consequently, of the distribution of stress and 
strain in the extreme surface. The phenomenon of running−in has been studied widely 
but can still not be easily described or modelled in such way that usefully accounts for 
the presence of oil anti−wear additives. Therefore, the work in this project concerns 
research into the wear processes, friction and changes of surface topography in the 
running−in of metals under lubricated rolling/sliding conditions, giving a special 
consideration to the influence of oil additives. 
The main objectives of this study were: 
- to develop suitable procedures for investigating running−in, including 
measurements of friction, roughness and wear as functions of time and identifying 
potential problem areas and sources of errors, 
- to establish the influence of a ZDDP anti−wear additive on the mixed regime 
running−in behaviour of rough surfaces. As high frictional forces maintained 
throughout the run of the test may adversely influence the system life and cause 
fatigue wear, the influence of the ZDDP film on the frictional response of the 
system, as well as on the surface topography evolution, is investigated. 
- to identify the factors that influence the changes of roughness during running−in 
of metals under lubricated rolling/sliding conditions and establish what 
mechanisms might be responsible for the changes. 
1.3. Layout of the thesis 
The thesis comprises nine chapters. Chapter 1 provides the background of the 
project and lists the main objectives of the work. The review of the literature 
concerning the process of running−in and the involved phenomena is presented in 
Chapter 2. 
The testing methods and investigative techniques used in the work carried out 
for this thesis are described in Chapter 3, including a choice of the test rig and an 
assessment of the suitability of each method for the study of running−in. 
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Chapter 4 provides information about the choice of specimens, lubricants and 
testing conditions, as well as the preparation of surface finish and the details of the 
heat treatment of the specimens. Development of the testing procedures suitable for 
the study of running−in is described, including continuous tests carried out to obtain 
friction, total wear and total change of roughness. Additionally, the interrupted 
procedures are explained, where the following measurements are taken at each 
stopping point: Stribeck curves, tribofilm thickness, wear volume and the change of 
roughness of both specimens. The methods of wear volume calculation on the basis of 
3D topography scans, developed specifically for this study, are introduced. Moreover, 
a system of symbols used throughout the thesis to refer to each particular set of testing 
conditions is introduced. 
In the Study A, specimens made of two different steels with a large hardness 
difference were tested in a “disc harder than a ball” configuration. In Chapter 5 the 
experimental results from the Study A are presented, followed by their discussion and 
conclusions. 
The experimental results of the Study B are described in Chapter 6. Both 
specimens were made of the same material and a smaller hardness difference was 
chosen with a “disc harder than a ball” or “ball harder than a disc” configuration. 
In Chapter 7, the analysis of various phenomena observed in the Study B is 
presented, including the analysis of the spurious wear effect observed in optical 
topography measurements in the presence of ZDDP films, an approximate method of 
point−by−point calculation of the ZDDP film thickness, an assessment of the surface 
conformity using a cross−correlation technique and results of a micro−EHL analysis of 
a chosen set of consecutive profiles of the rough surface. 
The results of the experimental and numerical work carried out for the Study B 
are discussed in Chapter 8. Finally, Chapter 9 provides a summary of the thesis, 
followed by a list of main achievements of the work and suggestions for further 
research. 
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Chapter 2. LITERATURE REVIEW 
In this chapter, a review of the published literature on running−in is presented. A 
brief explanation of the definition of running−in and its implications is followed by a 
more specific discussion of the various phenomena involved. The basic wear 
mechanisms are described, as well as the wear and topography measurement 
techniques. The importance of the surface roughness and its evolution during 
running−in is discussed, followed by the various aspects of lubrication and the 
implications of using a ZDDP anti−wear additive in the initial stages of the contact, 
especially for rough surfaces. Not only surface changes, but also phenomena taking 
place in the subsurface layer, are taken into account, as running−in and its influence on 
the system performance are explained in the light of contact mechanics. A number of 
numerical models applicable to describing wear, topography changes, lubrication 
effects and fatigue wear are listed. 
Running−in is a unique tribological problem, as it takes place in all kinds of 
systems and involves a wide range of phenomena. Therefore, the literature search on 
running−in resembles vertical sectioning of the whole bulk of tribology knowledge, 
where each subfield of tribology touches the subject of running−in in one way or 
another. Whenever necessary then, this overview concentrates on lubricated contacts of 
metallic surfaces, with the highlight on non−conforming contacts of rough surfaces. 
2.1. What is running−in 
Almost 80 years ago, Abbott and Firestone described the process of running−in in 
the same paper that addressed the bearing ratio curve for the first time: 
“When two newly machined surfaces are placed together, they touch only on the peaks of the 
highest irregularities, and the actual contact area is very small. If surfaces are “run−in” under 
load, or otherwise fitted, the projecting irregularities are gradually removed and the actual area 
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of contact is increased. At first the wear is quite rapid, but it decreases as the contact area 
increases”. (Abbott and Firestone 1933) 
In industrial practice, running−in is the initial period of the rubbing process, 
often conducted under conditions different to those chosen for the normal system 
operation to ensure that the topographies of the surfaces in contact evolve to produce a 
higher level of conformity, resulting in improved system performance (Rowe, Kaliszer 
et al. 1975). From a theoretical point of view, it can be more precisely defined as a type 
of tribological transition from a non−equilibrium state to a steady state of friction, wear 
and/or other system parameters (Masouros, Dimarogonas et al. 1977; Blau 1989). 
According to Cambridge Dictionary (Cambridge Advanced Learner's Dictionary 
2003), the word “transition” means “a change from one form or type to another, or the 
process by which this happens”. In tribology, transitions are in fact the main area of 
interest since tribology itself is a study of dynamic processes which cause transitions 
from an unworn initial surface to a worn one, from one lubrication regime to another, 
from one wear mechanism to another, etc. These transitions can be of a favourable 
nature, enabling the system to reach a stable steady state of operation, or quite the 
opposite − causing damage and failure. In terms of the frequency of occurrence, 
transitions can be single occurrence or cyclic, the latter including random and periodic 
transitions. They can also be classified into non−induced (natural) and induced 
transitions (Blau 2005). Non−induced transitions come as a result of machine design, 
properties of the surfaces, materials or environment and can be dependent on the 
sliding distance. Induced transitions can be forced by a change of operating conditions, 
causing a change of lubrication regime and/or wear mechanism. In light of this 
classification, running−in is a single occurrence and duration−dependent transition, 
either non−induced or induced, depending on whether it is a result of the system 
design or a specifically employed running−in procedure. 
It can be said that a transition to a steady state took place in a tribosystem when a 
relatively constant level has been reached and maintained by parameters, such as 
coefficient of friction, wear rate, surface roughness, temperature, concentration of wear 
particles in the lubricant, changes in surface and/or lubricant composition, lubrication 
regime, vibration, etc. (Blau 1989). It is not a stagnant period and various changes are 
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still expected to happen; however, a certain equilibrium is achieved. Steady state is a 
stable and desirable period of the machine operation. 
On the basis of the present state of knowledge, the definition of running−in can 
be summarized as follows: 
Running−in is a type of tribological transition that occurs in the initial period 
of the contact process and involves rapid mechanical and chemical changes of 
rubbing surfaces, bulk material and lubricant, leading to an improvement of 
contact conditions and reaching a steady state, in which an increased 
load−carrying capacity of the surfaces is achieved. 
To study running−in, the same kind of information needs to be collected as for 
any other type of tribological research, but as a function of time (Karpinska, 
Proprentner et al. 2009). This adds another dimension to an already complicated 
problem of tribological contact. Friction, wear and roughness variations are the major 
measurable responses of the tribosystem to the changes taking place during rubbing. 
Based on experimental data (Blau 1981), eight types of friction running−in curves 
were proposed (Figure 2−1). Friction is not a material property, but rather a response of 
the tribosystem to the rubbing conditions (Kato 2000); therefore, different basic 
phenomena, as well as their combinations, can result in the same level of friction. As a 
consequence, the shape of the friction curve cannot indicate a unique mechanism, 
although it can be helpful in interpretation of other observed system changes. The 
general shape of the friction curve can be quite repeatable from test to test, thus 
indicating if the test conditions are under control. 
During running−in, the wear rate is relatively high, but as the asperities are 
smoothed or flattened, the wear rate falls, often due to a transition between wear 
modes. This behaviour, as well as the increase of wear rate leading to component 
failure in the final stages of its useful life, are shown in Figure 2−2. 
Roughness of both surfaces is expected to reach a stable, equilibrium value, often 
believed to be independent of the initial roughness (Kragelsky and Kombalov 1969). 
Under favourable conditions, the topographies change in such way that the 
asperity−level conformity between mating surfaces increases (Wang, Lacey et al. 1991). 
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Figure 2−1. Shapes of running−in curves in the sliding of metals. (Blau 1981) 
 
Figure 2−2. Wear behaviour of a new component in its life span. (Williams 1994) 
Although the changes of friction, wear and roughness during running−in are 
interconnected, additional factors exist that influence each of these parameters 
(Table 2−1). As a consequence, the running−in for friction, wear and roughness may 
occur with different rates and not necessarily over the same period of time (Ma, Henein 
et al. 1998). Therefore, the criteria for running−in completion must depend on the 
particular system and user requirements. 
Successful running−in ensures improved load−carrying capacity of the surface, 
longer component and machine life (Priest and Taylor 2000) and reduction in energy 
consumption due to friction drop (Figure 2−3). 
Proper running−in is important for improving the performance of components 
such as bearings, gears, cams, seals (Masouros, Dimarogonas et al. 1977; Blau 2005), 
piston−piston ring−cylinder system and valve train parts in internal combustion 
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engines (Pawlus 1994; Blau 2005), replacement brake linings in vehicles (Blau 2005), 
metal−on−metal hip joints (Vassiliou 2006), etc. 
Table 2−1.  Factors affecting running−in. (Blau 1989) 
SURFACE GEOMETRY  MICROSTRUCTURAL EFFECTS 
surface roughness  work−hardening in metals 
surface texture  crystallographic texturing 
macro−conformity  transfer films 
THERMAL EFFECTS  fatigue damage 
temperature rise  accumulation of debris 
changing yield stress  wear process changes 
thermochemical effects  tribochemical activation 
tribochemical activation  contaminant removal 
enhancement of transfer  LUBRICATION−RELATED EFFECTS 
MECHANICAL 
CHANGES 
 run−in debris 
 depletion of additives 
vibrations and noise  lubrication regime 
 
 
 
Figure 2−3. Fuel consumption in early stages of an automotive engine operation. 
(Priest 1996) 
Inadequate running−in can cause, among others: local contact pressures                                                                                                                                                                                                                                                                                                                                          
many times higher than expected, severe metallic wear or seizure (Blau 2005), higher 
running temperatures and premature transitions to scuffing, e.g. in gears (Kim and Lee 
2001). 
2.2. Wear 
Wear was defined by American Society for Testing and Materials as “damage to a 
solid surface, generally involving the progressive loss of material, due to relative motion 
between the surface and a contacting substance or substances” (ASTMG−40). Alongside 
friction, it is the major tribological problem in engineering. 
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2.2.1. Basic wear mechanisms 
Wear mechanisms can be classified into 4 categories: adhesive, abrasive, fatigue 
and corrosive (Figure 2−4). Adhesive wear (Figure 2−4a), e.g. scuffing, occurs as a 
result of fracture around the contact points when adhesion forces between the 
contacting surfaces exceed the material strength (Kimura and Sugimura 1984). In 
abrasive wear (Figure 2−4b), e.g. ploughing, rough hard surfaces or particles cause 
wear of the softer surface. Fatigue wear (Figure 2−4c), e.g. pitting, occurs as a result of 
repeated loading and unloading. In corrosive wear (Figure 2−4d), a thin layer is formed 
on the surface by means of a tribochemical reaction, and is subsequently removed by 
mechanical action. 
 
Figure 2−4. Schematic images of four main wear modes: (a) adhesive, (b) abrasive, 
(c) fatigue, (d) corrosive. (Kato and Adachi 2001) 
Oxidative wear is the most common form of corrosive wear. Certain level of 
oxidation is beneficial in dry contact of metals due to formation of a protective oxide 
layer, which causes a transition from severe to mild wear (Stachowiak and Batchelor 
2001). It separates the surfaces, preventing adhesive wear and reducing friction. 
However, oxidative wear of metals under lubricated conditions is not so well 
understood. Oxygen and other oxidising species present in the oil react with surfaces, 
lubricants and additives (Hong 2002). An optimum concentration of oxygen in base oil 
prevents increased wear due to oxidation and scuffing caused by adhesion (Sakai, 
Murakami et al. 1992). In the surface reactions of additives, oxides provide a binding 
(a)
(c)
(b)
(d)
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layer between the substrate and the additive, thus stabilising the reaction film (Hong 
1993). 
Wear processes in ductile materials, such as metals, can be classified depending 
on their severity (Figure 2−5). Whereas mild wear is acceptable in industrial 
applications, severe wear is better avoided as it often leads to failure (Table 2−1). 
 
Figure 2−5. Wear mechanisms in metals. (Hsu, Shen et al. 1997) 
 
Table 2−2. Distinction between mild and severe wear. (Williams 1999) 
Mild wear Severe wear 
results in extremely smooth surfaces 
 
debris extremely small, typically less than 
100 nm diameter 
high electrical contact resistance 
results in rough, deeply torn surfaces, 
much rougher than the original 
large metallic wear debris, up to 0.01 mm 
diameter 
low contact resistance, true metallic 
junctions formed 
2.2.2. Wear in running−in 
During running−in under sliding conditions a transition takes place from severe 
to mild steady−state wear. Initially, abrasive wear is predominant, but under more 
severe conditions adhesion occurs, causing junction growth of asperity−asperity 
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contacts (Archard 1953). Various processes may be responsible for the rough surface 
deformation during running−in (Blau 1989), e.g. shearing off and plastic deformation 
of asperities (Figure 2−6). 
 
asperities truncated     extensive plastic deformation 
Figure 2−6. Changes of the surface topography in metals during running−in. (Blau 
1989) 
In the early stage of sliding, contact occurs only at the highest asperities; 
therefore, the material is removed at random points of the surface and on various 
scales. As wear and plastic deformation proceed in the sliding direction, surface 
topography becomes largely two−dimensional in that direction, and wear is more 
uniform over the whole wear track (Sugimura and Kimura 1984). 
Also in rolling, local plastic deformation and mild wear are the main factors in 
changing the surface topography during running−in, but the initial wear is not as 
severe as in sliding (Jamari 2006). Additionally, subsurface plasticity occurs, resulting 
in local hardness increase (Tasan, de Rooij et al. 2007). As the contact conditions 
become milder, the initially mechanically dominated regime changes to tribochemical 
mechanism due to continuous removal and replenishment of boundary layers formed 
by oxidation or reaction with additives (Jamari 2006). This change of the wear 
mechanism with a transition to a steady state can be accompanied by a change in the 
type of wear debris. 
Examination of wear debris is an important part of research into the wear 
processes during running−in. Wear mechanisms can be identified on the basis of 
quantity, size, morphology and composition of wear particles. In the wear of metals, 
mild wear debris is mostly oxidised, whereas more severe modes result in metallic 
debris (Archard and Hirst 1956). As running−in involves a wear mode change, 
produced wear debris will differ from that generated in the steady state. Such 
observations were made for rolling (Yuan, Peng et al. 2005) and sliding contacts (Liu, 
Chen et al. 1992). The roughness, size and quantity of the particles decrease with time. 
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Moreover, certain types of wear particles are observed throughout the test, whereas 
other are characteristic of running−in. 
Wear debris is normally carried out of the contact zone by the lubricant, but some 
wear particles might stay in the contact. Accumulated wear debris can fill the 
roughness valleys, reducing the lubricant−retaining ability of the surface, disrupt the 
lubricant film when travelling through plateaux or stick to the asperities of the other 
surface (Rowe, Kaliszer et al. 1975; Godet 1984). With further rubbing they undergo 
changes in size, morphology and composition, as well as influence topography 
changes of both contacting surfaces (Godet 1984). In lubricated metallic contacts, debris 
is generally thought to increase wear, as due to strain hardening wear particles can 
become harder than the original surfaces, thus causing abrasive wear (Godet 1984). 
In dry sliding, the presence of some amount of oxidized mild wear particles is 
beneficial, as they separate the rubbing surfaces and can sometimes act in similar 
fashion as rolling elements in a bearing. It was observed that the removal of mild wear 
particles prevented the severe to mild wear transition of sliding steel surfaces 
(Hiratsuka and Muramoto 2005), whereas supply of oxide nanoparticles induced such 
transition (Kato and Komai 2007). In the naturally occurring process of running−in, 
severe wear causes metallic wear debris generation, and with the progress of rubbing 
the particles are compacted and oxidized in the contact, before the protective film and 
mild wear can be achieved. 
2.2.3. Wear measurement techniques in running−in 
A whole range of methods can be used for quantitative assessment of wear, but 
their suitability for the study of running−in varies, as most of them can be used only to 
compare the initial and final state of specimens. Therefore, to collect information about 
intermediate steps, the test needs to be interrupted, specimens removed from the rig 
and cleaned, so that wear debris, lubricant or other deposits on the surface do not 
affect the reading. Although such procedure can influence the results, it is often 
employed, especially in the lack of suitable real−time topography measurement 
methods. Another solution is to run multiple tests of different duration on separate sets 
of specimens, but this is not suitable for observation of topography evolution. 
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The most basic methods of wear assessment are measurement of weight loss, e.g. 
(Queener, Smith et al. 1965) and linear wear, e.g. (Benyajati 2005). Weight 
measurement normally requires specimen removal from the rig, whereas linear wear 
can be measured periodically as a change of dimension of the test piece or 
continuously by recording vertical displacement of the loaded specimen, e.g. in a 
pin−on−disk test. These methods apply to relatively high wear systems and can only 
give limited information about surface changes, conformity development or wear 
mechanisms involved. Linear and mass wear do not correlate due to e.g. phase changes 
in the material accompanied by dimensional growth (Sreenath and Raman 1976). 
Optical microscopy is often used to assess the diameter or width of the wear 
scars or wear tracks, but it does not take into account their depth. Moreover, features 
such as tribofilms adsorbed on the surface can give a false impression of wear on visual 
inspection. 
The development of surface profilometry techniques, based mostly on stylus or 
optical measurement, enables the volumetric wear to be calculated from 2D surface 
profiles, e.g. (Olomolehin, Kapadia et al. 2010), or 3D scans, e.g. (Hao, Karpinska et al. 
2009). It should be stressed that optical profilometry results can be affected by optical 
properties of the surface. The list of topography examination techniques is shown in 
Table 2−3.  
For smooth surfaces, the height of the unworn surface can be easily found by 
extrapolating the unworn area from outside the wear track, and the wear depth at each 
point can be calculated. However, if the initial surface has considerable roughness 
and/or if readings should be taken multiple times throughout the test, there is a need 
for precise relocation of the measurement. Wear volume is then calculated by 
subtracting the worn topography from the initial one, which requires precise fitting of 
both scans (Hao, Karpinska et al. 2009). Profilometry techniques cannot measure large 
surface areas, so the result should be an average of measurements taken in multiple 
locations representative of the whole worn area. 
Indirect methods of wear measurement can involve real−time or periodical 
lubricant and debris analysis. For reliable results, wear particles must be efficiently 
removed from the contact zone and distributed evenly in the lubricant. 
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Inductively Coupled Plasma − Atomic Emission Spectroscopy (ICP−AES) 
employed for measurement of very low mild wear of metals requires the test to be 
periodically stopped for oil sample collection (Fan 2007). The concentration of metals in 
the lubricant is measured down to parts per billion, independently of their chemical 
form, but if both rubbing surfaces are made of the same metal, it is impossible to 
distinguish which one wears more. 
Table 2−3. Comparison of topography measurement methods. (Bhushan 2001) 
Method Quantitative 
information 
3D 
data 
Resolution [nm] Limitations 
Spatial Vertical 
Stylus instrument Yes Yes 15−100 0.1−1 Contact type, can 
damage the sample, 
slow measurement 
speed in 3D 
mapping 
Optical methods      
Taper sectioning Yes No 500 25 Destructive, tedious 
specimen 
preparation 
Light sectioning Limited Yes 500 0.1−1 Qualitative 
Specular reflection No No 105−106 0.1−1 Semi quantitative 
Diffuse reflection 
(scattering) 
Limited Yes 105−106 0.1−1 Smooth surfaces 
(<100 nm) 
Speckle pattern Limited Yes   Smooth surfaces 
(<100 nm) 
Optical Interference Yes Yes 500−1000 0.1−1 Recently observed: 
spurious wear in 
the presence of 
transparent films 
Scanning tunneling 
microscopy 
Yes Yes 0.2 0.02 Requires a conducting 
surface; scans small 
areas 
Atomic force 
microscopy 
Yes Yes 0.2−1 0.02 Scans small areas 
Fluid/electrical No No   Semi quantitative 
Electron microscopy     Expensive 
instrumentation, 
tedious, limited 
data, requires a 
conducting surface, 
scans small areas 
Reflection/replication No Yes 5 10−20 
Integration of 
backscattered signal 
Yes Yes 5 10−20 
Stereomicroscopy Yes Yes 5 51 
 
The issue of stopping and restarting the tribotest can be avoided if a real−time 
measurement method is used, such as radionuclide technique (RNT), also called thin or 
surface layer activation method (TLA or SLA). The surface region of interest is 
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irradiated up to certain depth, so that wear can be monitored using a gamma detector, 
either by measuring radioactivity of the lubricant or decrease in the radioactivity of the 
surface (Conlon 1974). RNT is precise, sensitive and does not require test interruption, 
but the preparation of specimens is expensive, time consuming and troublesome, as 
well as there are some health and safety concerns (Blatchley 1990). Moreover, the 
isotopes formed during activation are no longer the original metal but other elements; 
however, only 1 in 1000 atoms is irradiated, so the surface properties should not 
change (Conlon 1974). Recent advances include development of a PTLA method 
(Partial Thin Layer Activation), in which only a fraction of the surface is irradiated, the 
total induced activity is below the free limit and detection sensitivity is improved 
(Corniani, Jech et al. 2009). RNT has been used to monitor wear in the study of 
running−in (Scherge, Pöhlmann et al. 2003; Corniani, Jech et al. 2009). 
Real−time optical topography measurement techniques could be used for wear 
volume monitoring, if sufficiently detailed information from relatively large area could 
be obtained, enabling the wear volume to be calculated in post−processing. However, 
as of now none of the existing methods fulfils these requirements. The main problems 
in development of these techniques include speed of measurement, vibration and 
presence of the lubricant and wear debris on the surface. 
A range of real−time measurement methods are being developed, both 
qualitative, in which only statistical information about the surface roughness is 
obtained, and quantitative, where surface height distribution is measured. Qualitative 
methods are further discussed elsewhere in the thesis (Chapter 2.3.2). An example of a 
quantitative method based on interferometry is a self−reference multiplexed optical 
fibre system, comprising two interferometers to eliminate the effect of vibrations: the 
reference interferometer monitors the noise, while the other performs the actual 
measurement (Lin, Jiang et al. 2004). 
To address the presence of a lubricant layer on a moving surface, it was proposed 
that the oil is physically removed from the surface, e.g. with a sponge installed before 
the camera, but that might affect the tribological process, and friction thus caused has 
to be taken into account in calibration (Wang, L. Wong et al. 1998). Another solution 
could be to remove the oil with a stream of inert gas, such as nitrogen. Real−time wear 
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volume monitoring would also require measurement of the exact same spot each time. 
For precise relocation an optical trigger can be used, e.g. an aluminium stripe outside 
the contact zone, which triggers the camera to start (Wang, L. Wong et al. 1998). 
To sum it up, the most common methods of monitoring wear during running−in 
involve periodical stopping of the test and removing of the specimens for 
measurement, especially if also topography information should be obtained. This 
interrupts the tribological process, and might even change the wear mechanisms 
involved. Although some methods allow real−time wear monitoring, they are 
expensive and troublesome (RNT), still require test interruption for oil sample 
collection (ICP−AES), and do not provide information about surface topography. 
Real−time optical topography measurement techniques are being developed; however, 
none can yet live up to the requirements imposed by the complexity of the tribological 
process. 
2.3. Surface roughness 
Engineering surfaces are manufactured with certain precision. A balance has to 
be maintained between keeping the cost of the machining process low and obtaining 
suitable surface finish for a particular application. Depending on the scale, topography 
imperfections can fall into three categories: error of form, waviness or roughness. 
Surface roughness can be defined as: “a topographical parameter which describes the short 
range geometric deviations of a surface from the nominal geometric shape” (Jahanmir and Suh 
1977). 
2.3.1. Roughness parameters 
On the basis of surface topography measurements, performed with one of the 
methods listed in Table 2−3, surface roughness parameters can be calculated. They 
describe statistically the surface heights and other features of the surface finish. Before 
the parameters can be calculated, an appropriate filter has to be applied to the 
measurement result to eliminate the influence of waviness or form errors. Depending 
on the input data and type of analysis employed, parameters describing the surface 
topography can be classified as follows (Leach 2010): 
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a. surface profile characterization: 
- amplitude parameters (average), e.g. Ra, Rq, Rsk, Rku, 
- amplitude parameters (peak to valley), e.g. Rp, Rv, Rz, Rc, Rt, 
- spacing parameters (provide information about the spacing of the surface 
features), e.g. RSm, 
- bearing ratio curve and related parameters (describe load−bearing ability of 
the surface), e.g. Rk, Rpk, Rvk, Rδc, Rmr. 
b. areal surface texture characterization: 
- areal height parameters (3D equivalent of profile amplitude parameters), e.g. 
Sq, Sa, Ssk, Sku, Sp, Sv, Sz, 
- areal spacing parameters (3D equivalent of profile spacing parameters), e.g. 
Sal, Str, 
- areal hybrid parameters (explain relative characteristics between amplitude 
and spatial properties), e.g. Sdq, Sdr, 
- functional parameters (bearing area ratio curve and related parameters) , e.g. 
Smc(c), Sdc(mr), Vv(mr), Vm(mr), Sxp, 
- feature characterization parameters (specific for textured surfaces to describe 
the intentionally introduced texture), e.g. Spd, Spc, S10z, S5p, S5v, Sda(c), Sha(c), Sdc(c), 
Shv(c). 
c. multi−scale characterization of surface topography based on: 
- fractal analysis, 
- wavelet analysis, 
- Fourier transform. 
2.3.2. Real−time roughness measurement methods 
A range of qualitative methods has been developed for fast assessment of 
roughness parameters of moving surfaces, with reduction of measurement noise as a 
main objective. Unlike the quantitative methods used mostly for measurement of 
stationary surfaces, they do not measure actual surface heights at each point, but 
provide some statistical information about the overall topography of the area of 
interest. 
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Laser scattering methods have been a subject of interest for numerous 
researchers (Clarke and Thomas 1979; Persson 1998; Tay, Wang et al. 2003), e.g. for 
application in in−process monitoring of tool wear (Ryabov, Mori et al. 1998). 
Roughness of a moving surface can also be calculated on the basis of intensity variation 
of the speckle pattern obtained through reflection and destructive interference of the 
reflected laser beams (Persson 1992). A combined effect of speckle and scattering 
phenomena has been used to develop a dark/bright ratio (DBR) method, in which 
calibration against the values obtained from stylus measurement is necessary for each 
new type of surface (Wang, L. Wong et al. 1998). Likewise, specular reflection method 
is suitable for fast comparison of similar surfaces, but before a new type of surface can 
be measured, the instrument must be recalibrated (Vorburger and Teague 1981). Fringe 
field capacitance method, proposed for in−process roughness control during grinding 
in the presence of a water−based coolant, ensures low influence of vibration and fluid 
presence on the quality of the result (Nowicki and Jarkiewicz 1998). 
Currently available methods can be suitable for industrial applications, e.g. for 
fast quality control of manufactured elements; however, they are often not precise and 
reliable enough for research purposes. 
2.3.3. The influence of running−in on the evolution of roughness 
During running−in, surface microtopography is subjected to various processes of 
wear and deformation. In the study of running−in, these changes and their influence on 
the system performance are the main points of interest. 
With the progress of running−in for point contacts, the wear scar diameter or 
wear track width increase, and new asperities come into contact. Therefore, the central 
part of the contact effectively experiences a higher sliding distance and/or number of 
cycles than the edge areas. Consequently, the running−in first occurs in the central part 
and progresses outwards (Wang, Lacey et al. 1991). 
The heights of the rough surface normally decrease during running−in (Rowe 
1974; Masouros, Dimarogonas et al. 1977; Dong and Stout 1995; Chou 1997; Blau 2005). 
The typical trend of roughness evolution is shown in Figure 2−7a. The highest peaks 
are cut off, large flat areas are formed on the top of the surface, and the average slope 
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of the asperities significantly decreases (Ostvik R. 1968−1969). Surface topography 
changes, such as flattening, conformity development and smoothening of surfaces, 
cause reduced local asperity contact pressures (Figure 2−7b), identified as a condition 
of successful running−in (Svahn 2006). 
 
Figure 2−7. Running−in of rough surfaces: (a) typical surface profile evolution 
with time based on (Nonogaki, Morimoto et al. 2003), (b) contact 
pressure reduction based on (Svahn 2006). 
The run−in surface should not, however, be too smooth, especially in boundary 
and mixed lubrication regimes. As the roughness peaks should preferably be removed, 
the valleys have a very important function as lubricant reservoirs, giving support to 
the applied load and feeding the lubricant onto the plateaux. It is of particular 
importance in the systems occasionally operating in boundary regime, where the 
additive surface films are removed and need to be regenerated to prevent adhesion 
and wear (Rowe 1974). 
Although surface roughness reduction during running−in is most often claimed, 
under some conditions roughness increases, e.g. for initially smoother surfaces (Chou 
1997; Blau 2005) or in sliding of metals of similar hardness due to adhesive wear, even 
during lubrication (Sugimura and Kimura 1984). In some cases, topography changes 
taking place during running−in cannot be simply described by amplitude parameters, 
e.g. average roughness of each surface might not be significantly altered, while 
tribological properties are greatly enhanced (Ostvik R. 1968−1969). In such case, the 
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increase in load−carrying capacity during running−in must come from the gradual 
development of asperity level conformity of the two surfaces. 
Many authors agree that the steady−state surface roughness is independent of the 
initial roughness, and such “equilibrium roughness” may be either less or greater than 
the initial roughness, depending on the conditions (Finkin 1963; Blau 1989; Kumar, 
Prakash et al. 2002). An attempt was made to predict the optimum equilibrium 
roughness by finding the running−in conditions leading to the lowest final value of 
friction for a given initial roughness (Kragelsky and Kombalov 1969). 
However, other researchers report quite the opposite behaviour, namely the final 
roughness dependent upon the initial roughness (Wang, Wong et al. 2000a). 
Additionally, in sliding the worn surfaces eventually acquire a highly directional finish 
in the direction of sliding, regardless of the initial topography (Sugimura and Kimura 
1984). 
More important than the surface roughness change itself is the increase of 
conformity between the rubbing surfaces during running−in, either on waviness or 
asperity scale (Figure 2−8). As a result, the peaks of one surface correspond to the 
valleys of the other (Tyagi and Sethuramiah 1996a) and the overall performance of the 
system is improved (Sreenath and Raman 1976). This conformity is, however, observed 
outside the contact, whereas in contact some elastic deformation would occur (Wang, 
Lacey et al. 1991). In elastohydrodynamic lubrication, it is supposed to concern only 
the long wavelength components of the profile. Therefore, for conformity analysis an 
appropriate filter should be applied first (Sayles, deSilva et al. 1981). Conformity 
development affects the real contact area, lubricant film thickness and mechanisms of 
asperity interactions, thus implying that the course of the tribological process cannot 
depend on the initial state of the surfaces alone (Wang, Lacey et al. 1991). 
The softer surface is said to gradually acquire the characteristics of the harder 
surface. Consequently, in the absence of wear debris the initial finish of the harder 
surface is the governing factor of the running−in duration and final roughness, while 
that of the softer member is of less importance (Rowe, Kaliszer et al. 1975). If the 
hardness difference is small, topography changes happen on both surfaces (Kimura 
and Sugimura 1984). 
A. KARPINSKA CHAPTER 2 LITERATURE REVIEW 
Page 51 
 
An effect similar to that of equilibrium surface roughness was also observed for 
conformity development. Four sets of specimens with different initial surface finish 
were tested under the same conditions. As a result, the final roughness of the 
compared sets of specimens remained different, but the final friction forces had similar 
values, indicating that the four different final surfaces had similar effect on lubrication 
(Wang, Wong et al. 2000a). 
 
Figure 2−8. Development of surface conformity on asperity level: (a) after 1 
minute, (b) after 10 minutes, (c) after 120 minutes of a four ball wear 
test. (Wang, Lacey et al. 1991) 
In an attempt to characterise the conformity on the basis of the topography 
profiles of both contacting surfaces, a concept of relative surface roughness was 
developed (Kimura and Sugimura 1984). It is calculated by subtracting the heights of 
both surfaces, after finding their best match using a cross−correlation technique. The 
higher the conformity the smoother the resultant profile and the relative surface 
roughness closer to zero. Values above zero indicate surface collision, which has to be 
accommodated by deformation, either plastic or elastic, whereas negative values 
correspond to a space between the surfaces. To express the conformity with a single 
number, a relative surface conformity parameter can be calculated on the basis of both 
surface profiles and the relative surface roughness (Wang, Lacey et al. 1991). Its value 
is 100% when the surfaces conform perfectly, and 0% when the relative surface 
top ball (inverted)
RMS roughness = 0.02 µm
lower ball
RMS roughness = 0.08 µm
top ball (inverted)
RMS roughness = 0.26 µm
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RMS roughness = 0.25 µm
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roughness is the sum of both profiles. The height sensitivity of the profiling instrument 
is the limiting factor of the method, where for very smooth surfaces the conformity 
parameter becomes indeterminate. The method was confirmed experimentally in a 
four−ball lubricated test (Figure 2−9). 
 
Figure 2−9. Relationship between the test duration and (a) level of surface 
conformity, (b) roughness of the contacting surfaces, observed in a 
lubricated four−ball test on steel. (Wang, Lacey et al. 1991) 
2.3.4. The influence of the initial surface roughness on running−in 
A lot of work has been done so far to investigate the influence of the initial 
surface roughness on both running−in and steady−state wear. Although some cases 
were reported where steady−state wear increased with initial roughness (Kumar, 
Prakash et al. 2002), there is a general agreement that, within reasonable range, there is 
no dependence between the two (Jahanmir and Suh 1977; Masouros, Dimarogonas et 
al. 1977; Wang, Wong et al. 2000a; Koszela, Pawlus et al. 2007). 
Wear during running−in is believed to depend on the initial roughness, 
especially of the harder component and in systems operating under dry conditions or 
boundary or mixed lubrication regimes (Masouros, Dimarogonas et al. 1977). The 
higher the initial roughness the higher the running−in wear rate (Queener, Smith et al. 
1965; Sreenath and Raman 1976; Jahanmir and Suh 1977; Masouros, Dimarogonas et al. 
1977), and more so in dry than lubricated sliding contacts (Shafia and Eyre 1980). 
Moreover, running−in duration was found to decrease with roughness, as well as with 
load and lubricant temperature (Kumar, Prakash et al. 2002; Santner, Klaffke et al. 
2006). Inappropriate initial roughness might cause rapid deterioration of the rubbing 
surfaces (Masouros, Dimarogonas et al. 1977). 
(a) (b)
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There is no straight answer to the question on what sort of surface topography is 
the most beneficial for the tribological system performance. Opinions still differ as to 
the magnitude of initial roughness necessary for quick running−in, as they already did 
in the first half of last century, as summarized in (Sreenath and Raman 1976). Different 
authors recommended: super finishing of components, minimum initial surface 
roughness or rough surfaces. In the present day, the majority of researchers think that 
smooth initial surfaces ensure low running−in linear wear, although rough surfaces 
show greater scuffing resistance (Pawlus 1994). Therefore, the preferred initial 
roughness and texture of the surface depend on the particular application. 
For smoother surfaces in dry or boundary lubricated contacts, the risk of fatigue 
damage is lower due to reduced local contact pressures, but extensive adhesion is more 
likely to occur than for rough surfaces (Svahn 2006). Smoother finish is, therefore, 
recommended for coated surfaces, where the problem of adhesive wear is reduced and 
the risk of delamination wear due to fatigue is increased (Harlin, Carlsson et al. 2006). 
The knowledge of how running−in affects the steady−state operation of 
machinery has already allowed an improvement in the design of engineering surfaces. 
Artificial running−in was suggested as early as in 1944 Wartime Report issued for 
American National Advisory Committee for Aeronautics (currently NASA) 
(Bobrowsky and Machlin 1944). Previous data about running−in processes and 
procedures were considered and the benefits of creating a pre−run−in surface were 
recognized, such as reduction of initial wear, amount of debris in the system and 
chance of failure, time saving, increasing operating life, efficiency and dependability of 
the system. Different types of surfaces were suggested for further testing: 
superfinished, lapped, ground, electrolytically polished and roughened. 
Plateau honing was developed to generate surfaces that resemble run−in surfaces 
and have benefits of both the smooth (sliding properties, high contact area) and rough 
surfaces (maintaining oil in the roughness valleys) (Stout and Spedding 1982). In 
burnishing, the surface is subjected to a process similar to cold forming, where the 
topography is smoothed by displacing the material from roughness peaks to valleys. It 
decreases the initial wear rate of sliding surfaces and improves surface hardness 
(Rajasekariah and Vaidyanathan 1975), but is accompanied by accumulation of 
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relatively high residual stresses. Also, a continuing development of bearings with 
circumferential microgrooves, which allow them to operate under increasingly severe 
conditions, is based on the conclusions drawn from investigating the running−in 
phenomena (Kumada, Hashizume et al. 1996). 
In some components, such as cylinder liner, piston rings, mechanical seals or 
hydrodynamic thrust bearings, surfaces with oil pockets were found to improve 
load−carrying capacity of the surface, decrease friction and increase wear resistance. 
The pockets provide lift as micro−hydrodynamic bearings, act as reservoirs of lubricant 
and micro−traps for wear debris (Koszela, Pawlus et al. 2007). They can be 
manufactured by machining, ion beam, laser or etching (Etsion 2005). 
Application of highly specialised surface finish to large mass−produced surfaces 
is expensive, so in most engineering applications it is preferred that the machining 
process is as simple as possible and the surfaces should be run−in naturally. Therefore, 
the surfaces are often simply ground or turned to obtain a two−dimensional finish. 
Opinions vary, though, whether the longitudinal or transverse lay of such roughness 
with respect to the rubbing direction is more beneficial. 
The lay of roughness is significant for the surface performance. It was found that 
in rolling contacts the longitudinal asperities will achieve the elastic steady state, 
whereas still some plasticity is observed for the lateral asperities (Tasan, de Rooij et al. 
2007), as shown in Figure 2−10. Theoretically, the shakedown pressures for 
longitudinal and lateral asperities in sliding contact should be approximately the same 
as asperities of unequal radius are flattened plastically by equal amounts (Johnson and 
Shercliff 1992). Numerical analysis of a line contact under elastohydrodynamic 
lubrication suggests that the extent of elastic compression of asperities in the contact 
depends on both the roughness lay and the amount of sliding present (Hooke 1999). 
Under sliding conditions, transverse finish was found to cause more wear and 
higher final roughness than longitudinal finish (Shafia and Eyre 1980). Moreover, it 
was found that for a rotating cylinder and plane slider contact conformity developed 
only for longitudinal finish (Ostvik R. 1968−1969). Also, micropitting, a type of fatigue 
wear, was found to depend on the roughness lay, with transverse finish showing to be 
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more damaging, possibly due to higher perturbations of the fluid film pressure field 
within the contact as compared to the longitudinal finish (Lainé 2009). 
 
Figure 2−10. Profiles across the direction of rolling with time for (a) lateral, (b) 
longitudinal roughness. (Tasan, de Rooij et al. 2007) 
The influence of roughness lay on friction seems to depend on the test conditions, 
with longitudinal finish causing higher friction than transverse roughness for low 
slide/roll ratios (Nakajima and Mawatari 1994), but lower friction in pure sliding based 
on experiment (Hata, Nakahara et al. 1980) and simulation (Liu, Neville et al. 2001). 
The influence of isotropic, transverse and longitudinal roughness on the mixed and 
EHD lubrication will be discussed further in the next chapter. 
2.4. Lubrication 
To reduce friction and wear in a tribological contact, the surfaces are often 
separated by a lubricant. Although a whole range of liquid, solid or gaseous substances 
can be used for that purpose, it is the lubricating oils that are of interest in this thesis. 
The thickness of the lubricant film in contact depends on the speed and contact 
conditions, and thus different lubrication regimes can be distinguished. In 
hydrodynamic lubrication regime, the load is entirely supported by the lubricant due 
to its viscosity and the relative movement of the surfaces. As the surfaces slow down, 
some interaction occurs between the surface asperities, but as long as the surfaces are 
capable of elastic deformation to increase the load bearing area, the system is in the 
elastohydrodynamic lubrication regime (EHL). With continued speed reduction, more 
asperities come into contact and in mixed regime the load is supported partially by the 
(a) (b)
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contacting surfaces and partially by the hydrodynamic pressure of the lubricant 
contained in the roughness valleys. For very low speeds, boundary regime occurs, 
where the lubricant is not capable of building up a fluid film to separate the surfaces. 
Therefore, the load has to be carried solely by the solid, often protected by an 
anti−wear additive or oxide layer. 
To experimentally study lubrication regimes under different conditions, 
coefficient of friction is measured at decreasing entrainment speeds, while a steady 
slide/roll ratio is maintained. On the basis of such test, a so−called Stribeck curve is 
plotted (Stribeck 1902). It is a plot of the coefficient of friction against Stribeck number, 
defined by Equation 2−1. Often, the Stribeck number is simplified to mean speed, if 
other system parameters are maintained constant. A representation of the Stribeck 
curve is presented in Figure 2−11. 
Equation 2−1. Stribeck number: 
F
U
S

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where: 
S – Stribeck number [dimensionless], 
η – dynamic viscosity of a lubricant in given temperature and pressure [Pa·s], 
U – entrainment speed [m/s], 
F – load on the interface per unit bearing width [N/m]. 
 
Figure 2−11. Stribeck curve explained. 
In the tribological contact of rough surfaces, the load is initially supported only 
by surface asperities and boundary films, if any exist on the surface, and thus the 
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system is in boundary lubrication regime. As a result of running−in, a transition occurs 
to EHL or mixed regime, where the oil film thickness is of the same order of magnitude 
as the surface roughness. Contact pressure is reduced comparing to the initial state and 
the real contact area is increased, so plastic deformation is no longer evident, but large 
elastic deformation is present. Roughness reduction due to running−in causes a shift of 
the Stribeck curve towards lower speeds (Figure 2−12). 
 
log h (m) 
Figure 2−12. Example of the effect of roughness on the coefficient of friction. Low 
roughness: Ra = 0.85 µm, high roughness: Ra = 2.9 µm. (Emmens 1997) 
Surface roughness influence on EHD lubrication can be evaluated on the basis of 
a dimensionless film parameter, also called “lambda ratio”, given by Equation 2−2 
(Tallian 1967). 
Equation 2−2. Lambda ratio (Tallian 1967): 
)( 22
2
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  
where: 
 – dimensionless film parameter, “lambda ratio”, 
h0 – minimum film thickness, 
Rq1, Rq2 – root mean square surface roughness values of both interacting surfaces. 
Calculation of the minimum film thickness is based on predictions designed for 
smooth surfaces, so it is questionable whether it should be applied in the assessment of 
rough surface performance, such as in calculation of lambda ratio. When the theoretical 
prediction was compared to the experimental results of lubricant film thickness, it was 
found that it is not reliable for low values of lambda, when the calculated film 
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thickness is large comparing to the roughness (Cann, Ioannides et al. 1994). Also, this 
parameter does not reflect effects such as starvation, as well as the roughness structure 
and directionality, which affect the local pressure fluctuations. 
Lambda ratio is calculated for initial roughness, therefore with changing surface 
topography during running−in, as well as with the development of conformity, it is no 
longer describing the contact conditions reliably (Wang, Lacey et al. 1991). In lambda 
ratio calculation, a random contact of rough surfaces is assumed. However, if the 
relative surface roughness is found, as described in (Kimura and Sugimura 1984), a 
modified lambda ratio can be calculated (Tyagi and Sethuramiah 1996a). This approach 
requires an assumption that a contact between two rough surfaces can be replaced by a 
contact between a composite profile and a flat. Therefore, to make up for this 
simplification, an effective reduced asperity radius of curvature is additionally 
analysed. The modified lambda ratio, as well as the asperity radius of curvature, were 
significantly higher than the corresponding values calculated for a random contact of 
rough surfaces. Also, micro−EHL analysis suggests that conformity development 
should result in improved lubrication compared with random contact situation, due to 
the increase of the radius of curvature (Cheng 1983; Tyagi and Sethuramiah 1996b). 
The influence of isotropic, transverse and longitudinal roughness on mixed and 
EHD lubrication has been extensively investigated under rolling and rolling/sliding 
conditions. The researchers reported surfaces of longitudinal finish to behave 
differently under EHL than those of transverse or isotropic finish, both in experimental 
and modelling studies (Patir and Cheng 1978; Choo, Olver et al. 2006; Choo, Olver et 
al. 2007). 
Transverse and isotropic roughness in mixed regime cause an enhancement of 
film thickness in comparison with a smooth case (Patir and Cheng 1978), as well as 
characteristic features of the lubricant film such as lubricant film entrapment (Lubrecht 
1996), “squeeze−type” film (Guangteng, Cann et al. 2000) or inlet film perturbation (de 
Silva, Leather et al. 1985). With increasing thickness, the lubricant film changes from a 
wedge−like shape to a crescent−shape constriction and further to a shape similar to 
undeformed model asperity in the thickest films (Choo, Glovnea et al. 2003; Choo, 
Olver et al. 2007). The roughness only affects film formation if it is high enough 
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compared to the film thickness (Choo, Olver et al. 2007). For transverse finish and very 
low lambda ratios, a leakage of the lubricant from the contact was observed (Choo, 
Olver et al. 2007). 
No such features were found for longitudinal orientation of asperities (Choo, 
Olver et al. 2006). Longitudinal roughness reduces film forming capability at the 
contact inlet (Choo, Olver et al. 2006); the load, therefore, is supported by the asperities 
and no significant hydrodynamic lift from valley lubricant is present, even for quite 
high speeds. Moreover, also in a simulation of lubricant flow between the rough 
surfaces the reduction of the film thickness was predicted, due to enhanced flow 
through channels formed in the direction of motion, thus preventing the pressure build 
up in the contact inlet (Patir and Cheng 1978). 
Minimum film thickness was found on the asperity ridges and the contact 
pressure distribution was quite close to that of a dry contact. Classical smooth surface 
EHL equations, e.g. such as employed in (Venner and Lubrecht 1998), can be used to 
predict the film thickness generated at the asperity peaks, with appropriate 
assumptions (Choo, Glovnea et al. 2003; Choo, Olver et al. 2006). 
The experimental study of lubricant film thickness variation in the contact 
involves a rough surface rubbing on a smooth glass disc. However, in a recent work 
the glass disc was also roughened (Choo, Olver et al. 2008). It was found that the film 
thickness behaviour in such contact is different to that presented above, and, therefore, 
needs further investigation. Additionally, experimental, as well as theoretical studies 
done so far assume random contact between the surfaces, rather than gradual 
development of conformity. If the same reasoning as employed in the flow model of 
random contact (Patir and Cheng 1978) is used to analyse the influence of conforming 
surface topographies on the lubricant film behaviour, longitudinal finish should cause 
improved lubrication (Tyagi and Sethuramiah 1996b). The conformity should result in 
blocked flow through the contact and parallel grooves in the direction of rubbing 
should reduce side leakage of the lubricant, consequently causing a higher film 
thickness. 
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2.5. ZDDP anti−wear additives 
Lubricants often contain additives to improve their various properties, e.g. to 
reduce wear or lower the friction. Some of these additives can form films on the surface 
by means of a tribochemical reaction at the sliding interface, so−called “tribofilms”. 
Such triboreactions may involve one or both rubbing surfaces, third bodies (wear 
debris, impurities), lubricant, additives and other chemical substances present in the 
environment. 
Zinc dialkyldithiophosphates (ZDDPs), commonly used as lubricant additives, 
were first introduced in the late 1930s (Spikes 2004). They have been the subject of 
interest for researchers ever since, because their mechanism of action and influence on 
the performance of the tribological system are complex and still not fully understood. 
The most recent rise of interest in the study of ZDDPs can be attributed to the need of 
replacing them with phosphorus free additives, which would not have an adverse 
effect on the automobile catalytic converters. The limits of phosphorus and sulphur 
content in engine oils were first introduced in 1994 at  0.12% wt. P in a GF−1 
specification issued by The International Lubricant Standardization and Approval 
Committee. Since 2004 phosphorus concentration has been limited to 0.06−0.08%wt., 
and sulphur to  0.50% wt., according to GF−4 specification (Spikes 2004). For low 
ZDDP concentrations, below 0.03% wt. P, the wear rate is often higher than for base oil, 
possibly because of the protective oxide removal promoting adhesive wear (Martin 
1999; Fan 2007). If the limits are further reduced, ZDDPs will have to be completely 
replaced by new additives containing little or none sulphur and phosphorus. Until an 
appropriate replacement is found, attempts are made to optimize the formulation of 
oils containing existing ZDDPs. Therefore, there is still a need to identify all the 
functions fulfilled by ZDDPs in the tribosystem, as well as understand in detail the 
mechanisms involved (Spikes 2006). 
In a tribosystem, ZDDPs act as antiwear (AW) and mild extreme pressure (EP) 
additives, as well as antioxidants. Their antiwear properties come from the ability of 
forming a thin solid film on rubbing metallic surfaces. In high pressures, ZDDPs 
inhibit the onset of scuffing, thus performing a function of EP additives (Allum and 
Forbes 1968). They are also able to prevent oxidation by decomposing peroxyradicals 
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and peroxides in the lubricant; however, as a result of the reactions involved ZDDPs 
can no longer form a surface film (Colclough and Cunneen 1964). 
The tribofilm is thought to form a barrier mechanically protecting the surface 
from wear, but the detailed mechanism of its anti−wear action remains unclear. The 
main proposed mechanisms suggest the following: 
- reducing stresses experienced by asperity peaks by separating rubbing surfaces 
with a thick solid film, possibly forming a “cushion” (Hutchings 1992; So and Lin 
1994), 
- by a sacrificial mechanism, where wear occurs primarily in the low shear strength 
film, that is subsequently regenerated (Bec, Tonck et al. 1999; Aktary 2002), 
- depending on ZDDP type: primary and mixed ZDDPs act according to the 
sacrificial mechanism, whereas secondary ZDDPs function as non−sacrificial EP 
additives (Kawamura 1982), 
- by integration or “digesting” of abrasive iron and iron oxide wear debris in the 
phosphate glass (Martin 1999; Minfray, Mogne et al. 2006). 
The molecular structure of ZDDP can be represented by a formula shown in 
Figure 2−13, although in a solution it forms more complex structures, depending on the 
conditions and chemical composition of the oil (Spikes 2004). The type of ZDDP is 
determined by the structure of the alcohol used in its synthesis, which supplies side 
chains indicated in Figure 2−13 as R. Thus, ZDDPs are classified into aryl, primary, 
secondary and mixed, where mixed contain more than one type of side chain. 
Antiwear activity and thermal instability of ZDDPs depend on the structure of the 
alkyl group, with secondary being the most effective, followed by primary and aryl 
ZDDPs (Spikes 2004). 
 
Figure 2−13. Structure of ZDDP antiwear additives. R− aryl or primary or 
secondary alkyl group. (Sheasby, Caughlin et al. 1990) 
ZDDP film starts forming rapidly in the first seconds of tribological contact, and 
then its thickness gradually increases (Sheasby, Caughlin et al. 1990; Zhang, 
Yamaguchi et al. 2005). It develops within the rubbing track (Figure 2−14), but some 
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negligible film is formed outside this track. Film growth can be monitored using an 
interference−based technique (Spikes 2006). 
 
Figure 2−14. ZDDP film growth in mixed rolling/sliding in ball-on-flat contact: (a) 
interference images, (b) calculated average film thickness. (Spikes 
2006) 
Tribofilm formation is stimulated by rubbing solid–solid contact itself and not by 
any local temperature or pressure rise due to asperity contact (Fujita and Spikes 2004; 
Minfray, Mogne et al. 2006). Although it is believed that sliding action is necessary for 
the tribofilm formation, the films were found to be formed in all slide−roll ratios, 
including below 1% (Meheux, Minfray et al. 2008). ZDDP film formation and removal 
are dynamic processes, happening constantly in the contact, and in the steady state an 
equilibrium is maintained between the two (Choa, Ludema et al. 1994; Lin and So 
2004). As shown in Figure 2−15, the rate of film formation and its thickness increase 
with temperature, whereas with a higher additive concentration the rate increases, but 
the final thickness stays the same (Fujita, Glovnea et al. 2005). The rate of film growth 
depends also on the type of ZDDP, contact pressure, surface roughness, texture and 
hardness (So and Lin 1999; Lin and So 2004). 
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Figure 2−15. Influence of (a) ZDDP concentration, (b) temperature, on the film 
formation for primary ZDDP. (Fujita, Glovnea et al. 2005) 
It is not clear what thickness of the film is needed to control wear efficiently 
(Spikes 2006). Moreover, some researchers claim that there is no correlation between 
the film thickness and wear (Fuller, Kasrai et al. 1998). In some situations, film 
formation does not take place, is delayed, or the film is quickly removed. Such 
conditions include very high contact pressures, large hardness difference of surfaces, 
and very low ZDDP concentrations at high temperatures (Sheasby, Caughlin et al. 
1990; Lin and So 2004). 
ZDDPs form quite thick, pad−like amorphous structures on rubbed surfaces, of 
typically 1−5 μm diameter and 100−200 nm height (Aktary 2002). Film morphology and 
properties depend on contact pressure, surface hardness and ZDDP type (Aktary 2002; 
Topolovec−Miklozic and Spikes 2005; Li 2008). The tribofilm has a complex layered 
structure and the chemical composition of each layer is different. The bottom layer, 
closest to the metal surface, consists of zinc and iron sulphide, the next layer contains 
amorphous metal phosphate, such as zinc phosphate, followed by a layer of longer 
chain polyphosphates (Yin, Kasrai et al. 1997). When the film−covered surface is 
submerged in the oil, on top of the solid film a thick viscous layer is found, consisting 
of oil and organophosphate, which can be easily removed with solvents (Bec, Tonck et 
al. 1999). The exact chemical composition of the tribofilm varies with slide/roll ratio, 
lubricant composition and the type of ZDDP used. (Meheux, Minfray et al. 2008). 
The nanomechanical properties of the solid−like tribofilm resemble those of a soft 
polymeric material, as it is more plastic than steel and has lower shear strength (Bec, 
Tonck et al. 1999; Aktary 2002). These properties depend on the contact pressure and 
0.08% wt. P 
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vary within the film and between different films; therefore, the film has an ability to 
adapt to different contact conditions (Bec, Tonck et al. 1999; Martin 1999; Aktary 2002) 
Film formation and properties, as well as the system response, also depend on 
the type of base oil and other oil components, such as detergents and dispersants 
(Grossiord, Martin et al. 2000; Yamaguchi, Roby et al. 2002; Yamaguchi, Zhang et al. 
2003; Zhang, Kasrai et al. 2003; Taylor and Spikes 2003a; Roby, Yamaguchi et al. 2004; 
Zhang, Yamaguchi et al. 2004; Fujita, Glovnea et al. 2005), friction modifiers (Grossiord, 
Martin et al. 2000; Taylor and Spikes 2003a; Komvopoulos, Pernama et al. 2006), EP 
additives (Zhang, Najman et al. 2005), impurities such as soot (Olomolehin, Kapadia et 
al. 2010), nanoparticles , etc. 
Secondary and mixed ZDDPs cause an increase of friction, mostly in the mixed 
lubrication regime, as shown in Figure 2−16 (Taylor and Spikes 2003a). In engineering 
applications, increased friction is undesirable, as it e.g. decreases engine oil fuel 
efficiency. The frictional response observed for primary ZDDP, however, did not differ 
from that for base oil. Therefore, the effect seems to be dependent on the structure of 
the alkyl groups present in the additive molecule (Taylor and Spikes 2003a). 
 
Figure 2−16. Variation of friction with rubbing time in rolling/sliding for (a) base 
oil, (b) ZDDP. (Taylor and Spikes 2003a) 
The friction increase was found to be correlated with tribofilm growth (Meheux, 
Minfray et al. 2008), thickness (Taylor 2001) and additive concentration (Kapadia 2007). 
As summarized in (Spikes 2006), different hypotheses have been proposed to account 
for this behaviour: 
(a) (b)
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- roughening of surfaces by the formed ZDDP film (Taylor, Dratva et al. 2000); 
however, increased friction was also observed for relatively smooth films (Taylor 
and Spikes 2003a), 
- the tribofilm itself having high friction properties, 
- inhibition of lubricant entrainment to the contact, resulting in reduction of EHL 
film thickness (Taylor and Spikes 2003b). Consequently, higher speeds are needed 
to generate full EHL film in the presence of ZDDP (Figure 2−17). However, the 
mechanism by which this might happen is still not clear and the most probable 
effects from those considered were: inlet blocking, presence of a low 
viscosity−pressure coefficient fluid film on the tribofilm surface or slip at the 
fluid/ZDDP film boundary.  
 
Figure 2−17. Inhibition of EHL film formation by ZDDP. (Spikes 2009) 
Growth and reaching a steady−state thickness by boundary films, such as oxides 
and additive films, can be considered a part of running−in (Çavdar and Ludema 1991). 
The change of ZDDP film morphology with time takes place in three stages: nucleation 
at active sites and growth of film islands, followed by their combining and expansions 
over a larger fraction of the surface, and finally fragmentation of the film (Aktary 2002). 
Nevertheless, film nanomechanical properties do not change much with rubbing time 
(Aktary 2002). 
With few exceptions, the influence of ZDDP and other oil additives on 
running−in has not been so far investigated in full extent. Sheasby et al. suggested that 
tribofilm formation on rough surfaces takes place only after they have been run−in, but 
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no convincing evidence was presented (Sheasby, Caughlin et al. 1990). On the contrary, 
the anti−wear action of ZDDP might considerably reduce the amount of wear during 
running−in, thus effectively preventing the topography modification and reaching 
optimum load−carrying capacity of the surface (Williams and Daniel 1954). Inadequate 
running−in can make the surfaces more prone to fatigue wear (Way 1935). Currently, 
the anti−wear action of ZDDPs during running−in is thought to have considerable 
influence on the initiation of micropitting, a type of rolling contact fatigue damage on 
the asperity scale (Benyajati et al. 2004; Lainé 2009). Micropitting will be described in 
more detail in the next chapter. 
2.6. Subsurface changes 
In contact, unlubricated as well as lubricated surfaces undergo deformation. The 
extent and character of these deformations depend on the materials involved and 
severity of contact conditions and it is possible to predict whether in contact a given 
surface will deform elastically or plastically, depending on detailed material and 
topography information (Greenwood and Williamson 1966). Such deformations result 
in changes of topography, crystallographic orientation, surface hardness, and other 
properties (Blau 2005). During running−in, friction energy is dissipated at the 
asperities, causing localized plastic deformation and modification of surface 
topography (Tasan, de Rooij et al. 2007). Additionally, repeated asperity contact 
produces cyclic strain that might lead to cumulative damage at some depth under the 
surface. 
2.6.1. Material response in cyclic loading 
A component made of elastic−plastic material can respond to cyclic loading in 
four different ways, depending on the load (Kapoor and Johnson 1995). For small loads 
the behaviour is perfectly elastic (Figure 2−18a). When elastic limit is exceeded, some 
hardening can occur, causing an entirely elastic steady state. This effect is called 
“elastic shakedown” and often takes place during running−in (Figure 2−18b). With 
increasing load, more plastic deformation occurs, leading to “plastic shakedown”, 
where the cycle is enclosed and has both elastic and plastic parts with no damage 
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accumulation (Figure 2−18c). When load exceeds the plastic shakedown limit, each 
cycle becomes an open elastic−plastic loop and with each cycle damage is accumulated, 
leading to ratchetting failure (Figure 2−18d). 
 
Figure 2−18. Material response to repeated loading and unloading (a) perfectly 
elastic, (b) elastic shakedown, (c) plastic shakedown, (d) ratchetting. 
(Kapoor and Johnson 1995) 
2.6.2. Subsurface structures 
In lubricated sliding, plastic deformation can be observed mostly at the surface 
and decreases with depth (Legostaeva 2006). As a result, a modified layer is formed 
(Figure 2−19). Gradual formation of compressive residual stresses can create a stable 
steady−state condition, thus preventing further wear and protecting the surface from 
early failure (Rigney and Hirth 1979; Kim and Lee 2001). The processes of roughness 
evolution and forming of the modified layer during running−in are interrelated, so that 
the changes in roughness cause the decrease of local pressures, whereas the presence of 
the modified layer strengthens the surface (Garbar 2001). The modified layer can 
consist of a deformed layer and sometimes also a mechanically mixed layer. The 
morphology, properties, and for the mechanically mixed layer also chemical 
composition, vary within the layer, and depend on the material, environment and 
contact conditions (Rice, Nowotny et al. 1981). Moreover, phenomena such as phase 
transformations, tribofilm and crack formation might be observed (Rigney 2000). 
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A deformed layer has the same chemical composition, but different morphology 
than base material (Shakhvorostov 2007). Its formation involves modification of the 
microstructure, as dislocation density increases during running−in and, as a result, a 
fragmented structure is formed (Garbar 2001). A deformed layer can be generated 
under both rolling and sliding conditions, lubricated or dry. It is often further divided 
into a highly deformed layer and a less severely deformed layer. The latter is 
characteristic of metals that undergo workhardening, so it has an increased hardness in 
comparison to the bulk due to extensive deformation (Rigney and Hirth 1979; Satoh 
and Iwafuchi 2005; Shakhvorostov, Pohlmann et al. 2006). 
 
Figure 2−19. A schematic diagram of the subsurface layers of a rubbing surface. 
Based on (Rice, Nowotny et al. 1981) 
A highly deformed layer has significantly reduced grain size (Rice, Nowotny et 
al. 1981) and crystallites reoriented more parallel to the surface and in the sliding 
direction (Rice, Nowotny et al. 1981; Satoh and Iwafuchi 2005). These structures can 
experience ductile fracture controlled by plastic strain, leading to delamination wear 
(Johnson 1995). Finally, progressive plastic deformation can lead to ratchetting 
(Johnson 1995), cause the grain structure to be completely destroyed (Medina 2006) 
and the material to become amorphous (Scherge, Shakhvorostov et al. 2003). 
Ratchetting onset can be connected to microstructural changes taking place in the early 
stages of the contact, e.g. the formation of slip bands and rapid dissolution of the 
precipitate particles originally present in the precipitation−hardened material (Medina 
2006). 
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When severe shearing takes place, such as in sliding wear, a mechanically mixed 
layer can be formed as a result of interfacial transfer (Blau 2005; Legostaeva 2006; 
Shakhvorostov, Pohlmann et al. 2006; Svahn 2006). It has different morphology and 
chemical composition than base material (Shakhvorostov 2007). Figure 2−20 shows that 
in lubricated sliding elements such as carbon were brought into the solid up to a depth 
of 1 µm (Scherge, Shakhvorostov et al. 2003). The presented depth profiles do not 
resemble a typical diffusion profile in accordance to Fick’s Law, where the 
concentration of a foreign element would decrease with depth and show a maximum 
on the very surface. On the contrary, the concentration maxima are located underneath 
the surface, which could only be a result of mechanical intermixing (Rigney 2000). 
Mechanically mixed layers can contain inclusions of anti−wear agents, oxides, transfer 
material from the counterface, etc. 
 
Figure 2−20. Depth profiles by Auger electron spectroscopy of gray cast iron for (a) 
initial state (b) worn state. (Scherge, Shakhvorostov et al. 2003) 
Due to shearing at the contact interface, deformed elongated structures, 
“tongues”, are formed. They continue to shear as plastic strain accumulates, causing 
fine lamellation and mechanical mixing, including entrapment of lubricant, material 
transfer and recrystallization of metals (Young, Kuhlmann−Wilsdorf et al. 2000). 
Another possibility is that in high loads the energy introduced at each asperity in the 
contact zone is frequently high enough to transfer the material into a fluid−like state, 
thus enabling mechanical intermixing (Scherge, Shakhvorostov et al. 2003). The higher 
the energy input the larger the depth where the foreign elements can be found. 
2.6.3. Rolling contact fatigue 
Tribological contacts can be either concentrated, e.g. point or line contacts, or 
conforming, e.g. flat−on−flat. In concentrated contacts, which are used mostly in 
(a) (b)
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rolling, Hertzian stress dominates over asperity−induced stresses (Figure 2−21). The 
most heavily loaded element of material occurs at 0.78a depth (a − contact radius). In 
fact, such stress distribution is applicable to each single asperity, also in conforming 
contacts, but since asperity radius is small, the location of the stress maximum would 
be much closer to the surface (Kapoor, Franklin et al. 2002). 
 
Figure 2−21. Contours of maximum values of shear stress on x−z plane below a 
Hertzian line contact. Based on (Williams, Dyson et al. 1999) 
Hertzian theory was developed for elastic contacts. With increased load plastic 
deformation occurs and, depending on the material and loading situation, either 
shakedown or ratchetting takes place. Shakedown results in the achievement of steady 
state by creating residual protective stresses in the material. On exceeding the 
shakedown limit, ratchetting and accumulation of plastic deformation in each cycle 
occurs (Williams, Dyson et al. 1999). As a result, fatigue wear takes place either in form 
of surface cracks and delamination wear, or effects such as rolling contact fatigue 
(RCF). In rolling contact fatigue, surface or subsurface originated cracks are formed 
and subsequently propagate into the material, causing various modes of damage, such 
as spalling, pitting, micropitting, etc. (Olver 2005). It can be found in railway tracks and 
wheels, rolling bearings, gears, cams and tappets and other engineering elements. 
Micropitting is one of the RCF modes associated with running−in. It is a type of 
surface fatigue found e.g. in hard ground steels in the form of numerous small pits, 
often accompanied by extensive cracking (Olver 2005). It occurs on a different scale 
than pitting, in which the depth of the affected zone and the contact area are of the 
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same scale, whereas in micropitting the damage is comparable to the size of surface 
asperities (Olver 2005). This is most likely because it originates from the asperity stress 
field and is, therefore, dependent on the running−in. 
To study the mechanism of micropitting, many researchers tried first to identify 
the conditions leading to the formation of surface cracks and micropits. Micropitting 
occurs in non−conforming contacts, where loads are high, and after a high number of 
loading cycles (Ueno, Ariura et al. 1980). The damage is found in the slower (Ariura, 
Ueno et al. 1983; Webster and Norbart 1995) and softer (Olver 1986) of the two 
surfaces, normally with the hardness difference of 2 points Rockwell C (Webster and 
Norbart 1995). In mixed rolling/sliding, the surface roughness causes a stationary stress 
concentration, whereas the roughness of the counterface causes a moving stress field, 
thus increasing the number of stress cycles to which the surface and near−surface areas 
are subjected during each passage of the contact (Kim and Olver 1998). Therefore, in 
rolling/sliding the counterface roughness is thought to be a crucial factor of fatigue 
wear. As a result, in EHL lubricated contacts micropitting is more often found when 
the lubricant film is thin compared to the surface roughness (Flamand and Berthe 1977; 
Graham, Olver et al. 1980), and mostly under the mixed rolling/sliding conditions, 
especially at low slide/roll ratios (Webster and Norbart 1995). The occurrence of 
micropitting depends also on the heat treatment (Berthe 1980), as it is often found in 
case−hardened steels (Flamand and Berthe 1977). Some microstructural features, such 
as the white layer, suppress crack branching and prevent the progression of wear (Bull, 
Evans et al. 1999). Attempts were made to explain the mechanism of micropitting on 
the basis of microstructural changes (Hoeprich 2001; Oila and Bull 2005). 
The mechanism of micropitting is still not fully understood. It occurs as a result 
of cyclic repetition of local normal and tangential forces (Shotter 1981). If the surface 
roughness is not sufficiently reduced during running−in, after a certain number of 
cycles considerable damage is accumulated in the material, causing crack initiation at a 
relatively small depth under the surface (Olver 1986). When the friction forces are not 
very high, e.g. in the presence of friction modifiers, these cracks will not propagate and 
no further damage of the surface will occur (Lainé 2009). However, high friction causes 
the cracks to open in the slower moving body (Figure 2−22). The high pressure in the 
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contact forces the oil into the open crack, ultimately causing its propagation 
(Murakami, Kaneta et al. 1985; Bower 1988), as shown in Figure 2−23. As a result, a 
wear particle is extruded and a micropit is formed. Multiple pits connect to form more 
extensive surface damage. Eventually, micropitting leads to more severe wear modes, 
such as pitting, surface fatigue and scuffing, causing component failure. In the light of 
this mechanism, the reduction of surface roughness during running−in has a dual 
influence on micropitting, by preventing the initiation of the cracks, as well as their 
opening due to reduced friction normally observed in the steady state. 
The influence of running−in on the initiation of micropitting damage has been 
experimentally confirmed. It was observed that when there was little or no topography 
change of the rough surface during running−in, micropitting was more likely to occur 
(Flamand and Berthe 1977; Tokuda, Ito et al. 1977; Ueno, Ariura et al. 1980). This effect 
was ascribed to insufficient boundary lubrication, represented by a low lambda ratio, 
which is also affected by oil viscosity at the operating temperature and speed (Graham, 
Olver et al. 1980; Akamatsu 1989). Some anti−wear additives, such as ZDDPs, not only 
prevent effective running−in (Winter and Weiss 1981; Hohn, Oster et al. 1996; Benyajati 
et al. 2004), but also cause high friction (Taylor and Spikes 2003a; Taylor and Spikes 
2003b), thus enhancing micropitting. However, not all anti−wear additives have the 
same effect (Cardis and Webster 1999). Usage of friction modifiers can reduce the 
damage by preventing opening of the cracks (Lainé 2009). Additionally, running−in of 
the surface prior to additive usage (Benyajati 2005) and surface reinforcement by 
forming a very hard shallow layer (Olver 2005) have been proposed. 
As micropitting occurs under very specific conditions, its mechanism is complex 
and involves many different phenomena. Therefore, it is still not clear which effect is 
predominant and the detailed influence of AW additives has to be further explained. 
 
Figure 2−22. Effect of friction on contact fatigue in rolling/sliding. (Stachowiak and 
Batchelor 2001) 
Friction Friction
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Figure 2−23. Schematic illustration of the mechanism of hydraulic pressure crack 
propagation. (Stachowiak and Batchelor 2001) 
2.7. Modelling 
2.7.1. Running−in wear models 
Prediction of wear is probably one of the more important issues in practical 
tribology. So−called wear maps are constructed based on empirical data, presenting the 
conditions under which a transition between different wear modes occurs for a given 
tribosystem (Figure 2−24).  
There are many wear theories and numerous wear modes and mechanisms were 
identified; however, it is still very difficult, if not impossible, to predict wear 
quantitatively (Kimura and Sugimura 1984). This is mostly because of the complexity 
friction
Friction
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of the processes taking place, as well as difficulty of access and extracting information 
from the contact zone during the rubbing process. 
 
Figure 2−24. The wear mechanism map for steels. (Lim and Ashby 1987) 
The first and simplest general wear model was proposed by Archard and is now 
widely known as Archard wear equation (Archard 1953). The assumption was made 
that the real contact area between two surfaces is a sum of the individual asperity 
contacts, that it is proportional to the load and no elastic deformation occurs. The 
analysis is carried out for an idealised single asperity (Figure 2−25) and then 
extrapolated to the whole contact. 
 
Figure 2−25. Idealized representation of single contact in sliding surfaces: 
(a) maximum contact area of radius a, (b) after sliding through a 
distance y, (c) after sliding thorough a distance 2a. 
The overall wear rate is, therefore, proportional to macroscopic normal load and 
inversely proportional to the hardness of the softer surface (Equation 2−3). 
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Equation 2−3. Archard wear equation: 
H
KL
Q 
 
where: 
Q – total wear rate per sliding distance [m3/m], 
K – Archard wear coefficient [dimensionless], 
L – applied normal load [N], 
H – hardness of the softer surface [Pa]. 
Archard wear coefficient K is dimensionless and less than unity. It is used to 
compare the severity of wear processes in different systems, where Q, W and H are 
found experimentally. Equation 2−3 is only true for very clean, closely controlled 
systems, and it involves numerous assumptions, which make it not applicable to more 
complex systems found in engineering practice. 
Attempts were made to build models based on Archard equation to predict 
macroscopic wear of sliding surfaces more precisely, often based on an empirical 
relation for a particular tribosystem. The proposed models allowed prediction of 
running−in, steady state and accelerated wear or the duration of running−in as a 
function of such parameters as load, hardness, sliding distance, initial surface 
roughness and temperature in the contact (Lin and Cheng 1989; Zhang, Zhang et al. 
1996; Kumar, Prakash et al. 2002). 
Other researchers tried to construct wear models based on empirically found 
patterns. An attempt was made to correlate experimental results of linear wear and 
surface roughness during running−in with polynomial expressions (Masouros, 
Dimarogonas et al. 1977). On the basis of the analysis of these correlations, linear wear 
was expressed as a function of sliding distance and initial surface roughness. A similar 
approach was used to simulate the removal of successive layers of the surface with 
numerical techniques, thus obtaining gradually progressing linear wear calculated on 
the basis of parameters derived from a real surface profile (Thomas 1972). 
2.7.2. Roughness models 
Figure 2−26 shows stages of surface modification due to wear. Initial 
(Figure 2−26a) and final topography (Figure 2−26d) are different due to wear particle 
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detachment and plastic deformation, so that the surface geometry progressively 
changes during the whole wear process.  
 
Figure 2−26. History of sliding metal surface suffering wear: (a) initial state after 
machining, (b) plastic flow and damage accumulation, (c) crack 
initiation and wear particle detachment, (d) worn surface. Subsurface 
damage shown as dots. (Kimura and Sugimura 1984) 
To construct a proper wear model, changes of surface topography with rubbing 
should be taken into account, which in turn cause variation of contact conditions with 
rubbing time (Sugimura and Kimura 1984). Therefore, for analysis purposes the wear 
process can be broken down as shown in Figure 2−27.  
 
Figure 2−27. Breakdown of wear process into elemental processes. (Kimura and 
Sugimura 1984) 
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The deformation of contacting surfaces takes place in the contact points, both 
globally due to contact geometry, and locally due to asperity shape. Depending on the 
applied load, material behaviour in the contact model can be fully elastic, 
elastic−plastic or fully plastic, and can be described e.g. by the basic models of Hertz 
(Hertz 1882), Johnson (Johnson 1985) and Abbott and Firestone (Abbott and Firestone 
1933), respectively. These were then extended and adapted for particular conditions, 
e.g. elastic models described in (Greenwood and Tripp 1967; Greenwood and Tripp 
1971; Hisakado 1974; Bush, Gibson et al. 1975), plastic models, e.g. (Pullen and 
Williamson 1972; Olver, Spikes et al. 1986; Kucharski, Klimczak et al. 1994), or 
elastic−plastic models, which include a change from elastic to plastic regime 
(Greenwood and Tripp 1967; Greenwood and Tripp 1971; Hisakado 1974; Bush, Gibson 
et al. 1975). Moreover, models taking into account not only loading, but also unloading 
situation were developed (Mesarovic and Johnson 2000; Vu−Quoc, Zhang et al. 2000; 
Li, Wu et al. 2001; Wu, Li et al. 2003). A comprehensive overview of various contact 
models can be found in (Jamari 2006; Jamari and Schipper 2007). 
To model roughness changes, first the surface topography has to be described 
numerically, in 2D or 3D. Two approaches are used: statistical approach, where the 
random topography is generated based on various functions, and deterministic 
approach, which involves mathematical approximation of real measured surfaces. 
Asperity radius of curvature plays an important role in both cases (Greenwood and 
Williamson 1966). In the study of running−in, the deterministic approach is more 
suitable, as the run−in surface seldom follows the trends normally used in the 
statistical description of roughness (Ciulli, Ferreira et al. 2007). 
The statistical approach is based on the assumption that engineering surfaces 
have random roughness, which can be represented by the waveform of a random 
signal, defined by a height distribution and an auto−correlation function (Whitehouse 
and Archard 1970). The geometry of each asperity can be simulated as hemispherical 
(Greenwood and Williamson 1966), elliptical (Jamari and Schipper 2007), cylindrical 
(Johnson and Shercliff 1992), triangular (Queener, Smith et al. 1965), paraboloidal 
(Ciulli, Ferreira et al. 2007), etc. Numerical generation of surface topography allows 
simplification and speeds up the analysis, but it may lack the exactitude of the 
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deterministic methods (Ciulli, Ferreira et al. 2007). Some example models of 
running−in that employ statistical methods of roughness description are listed below. 
To predict surface topography changes, authors considered the effect of wear 
particles (Sugimura, Kimura et al. 1986), asperity truncation (King, Watson et al. 1997; 
Nonogaki, Morimoto et al. 2003) or flattening (Wang and Wong 2000b). Jeng proposed 
a model of topographical changes for an initially non−Gaussian surface in sliding 
contact (Jeng and Gao 2000; Jeng 2004) by combining Johnson’s translatory system of 
distributions (Johnson 1949) with the model of surface height changes with time 
(Sugimura, Kimura et al. 1986). The translatory system changes a non−Gaussian 
surface to Gaussian, thus simulating the changes taking place during running−in. 
When plastic deformation is taken into account, running−in can be considered as 
a shakedown process (Kapoor and Johnson 1992). An initially elliptical point contact 
was considered in repeated rolling, and the plastic flow was assumed to change the 
asperity geometry in such way that the local contact pressures would not exceed the 
shakedown limit (Johnson 1995). As a result, a near−rectangular contact shape is 
produced. It was also experimentally confirmed that by calculating shakedown limits, 
the steady−state geometry of the contact can be predicted. Other elastic−plastic models 
were also proposed, such as (Liu, Neville et al. 2001; Nelias, Boucly et al. 2006). 
As mentioned before, the deterministic approach to roughness characterisation is 
more complex. The multiscale nature of the roughness has to be taken into account, so 
the grid obtained needs to be at the same time large and fine (Ciulli, Ferreira et al. 
2007). Such an approach requires powerful hardware and efficient code to perform 
large amount of simultaneous calculations, so it has only been pursued recently with 
the development of necessary technology. The surface topography can be represented 
numerically by direct simulation in 2D (Francis 1982; Webster and Sayles 1986; Ren 
and Lee 1994) or 3D (Ju and Zheng 1992), quadratic functions (Aramaki, Cheng et al. 
1993), polynomial curve fitting (Tao, Lee et al. 2001), Fourier series (Tao, Lee et al. 2001) 
or fractal dimensions (Shirong and Gouan 1999). The constructed contact models are 
often based on the Finite Element Method. 
A fractal model was used to study the effect of operating conditions, materials 
and surface roughness on wear in sliding contact (Shirong and Gouan 1999). It was 
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suggested that fractal dimensions can be used to find optimum initial and final surface 
topographies for minimum wear to occur. Such information can be then used to design 
appropriate running−in procedures. A numerical model was developed for studying 
the stress distribution in an elastic contact of 3D real rough surfaces (Liang 1993). It 
was confirmed that during running−in, the proportion of elastic to plastic deformation 
in the contact area gradually increased. Finally, Jamari proposed an elastic−plastic 
model for predicting the local change of topography during running−in due to plastic 
deformation in a rolling contact, which showed an excellent correlation with 
experimental data (Jamari 2006). The model involved repeated modification of the 
surface due to plastic deformation, where at each stage the resultant topography from 
the previous step would be subjected to further deformation, until the steady−state is 
achieved (Figure 2−28). 
 
Figure 2−28. The repeated contact model of the surface topography changes due to 
running−in in a rolling contact. (Jamari 2006) 
2.7.3. Mixed lubrication models 
In the elastohydrodynamic regime, the film thickness is small in comparison with 
the elastic deflection of the contacting surfaces. Therefore, if a smooth surface is 
considered, it can be assumed that the contact stresses should not differ much from 
those predicted for the dry contact by Hertzian theory (Johnson 1982). The opposing 
surfaces must be almost parallel and the film thickness in the contact should be 
uniform (Grubin 1949). This concept recognized the importance of hydrodynamics, 
elastic deformation of the surfaces and oil viscosity increase under high pressure. 
In EHL, however, some additional features of the lubricant film are present, 
namely a sharp pressure peak followed by a rapid drop at the rear of the contact, 
predicted theoretically (Dowson, Higginson et al. 1963) and experimentally confirmed 
load, hardness, elasticity 
modulus
initial 
topography
deformed 
topography
elastic-plastic 
contact model
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(Foord, Hammann et al. 1968). These effects have to be taken into account in the model, 
as they cause a secondary shear stress maximum close to the surface. 
When the surfaces in EHL contact are rough, the same effects as take place on the 
macroscopic scale can also happen on the asperity scale, such as elastic deformation 
and characteristic pressure distribution (Stachowiak and Batchelor 2001). This explains 
why in some cases found in engineering practice effective lubrication is maintained, 
although the surface roughness is of the same scale as predicted film thickness. 
The modelling of EHL lubrication in a rough contact is a broad field and involves 
various approaches to the problem, such as modelling based on a concept of the load 
being shared between the lubricant and contacting asperities (Lu, Khonsari et al. 2006) 
or a full solution of the distribution of pressure and film thickness. 
A transient EHL analysis technique for both line and point contact conditions, 
developed and constantly improved by Cardiff University, is an example of the latter 
approach (Elcoate, Evans et al. 2001; Holmes, Evans et al. 2003a; Holmes, Evans et al. 
2003b). It allows simulation of phenomena occurring under mixed lubrication, using 
coupled elastic and hydrodynamic equations. The results obtained include 
distributions of contact pressure and EHL film thickness in the contact for each step of 
the analysis (Figure 2−29). Additionally, a fatigue analysis based on these results can be 
carried out (Qiao, Evans et al. 2006). 
 
Figure 2−29. Example results of the EHL analysis developed by Cardiff University.  
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2.8. Some recent advances in the study of running−in 
2.8.1. Spurious wear in White Light Interferometry (WLI) topography scans in 
the presence of a ZDDP tribofilm 
Optical profilers, such as the Wyko NT9100, are commonly used in tribology for 
fast and non−damaging topography measurements. However, it was observed that the 
ZDDP antiwear glass−like film formed on the surface causes an error of the 
interferometric measurement (Benedet, Green et al. 2009a). 
A tribotest with oil containing ZDDP additive was carried out (Benedet, Green et 
al. 2009a). After the test, the surface topography of the specimen was measured using 
an optical profilometer Wyko NT9100. In the presence of a transparent tribofilm, WLI 
reading indicated that the surface in the wear track area was significantly worn, with 
some valleys deep up to 300 nm, and average wear depth of ~50 nm (left part of 
Figure 2−30a, green line in Figure 2−30b). 
However, when the film was chemically removed from the surface, no such wear 
was observed (right part of Figure 2−30a, blue line in Figure 2−30b). Moreover, a less 
prominent change of height could be seen in the area outside the wear track. It was 
suggested that the spurious wear was caused by the optical properties of the 
transparent ZDDP tribofilm within the wear track and very thin ZDDP thermal film 
outside the wear track. 
 
Figure 2−30. Topography of the wear track (a) 2D image (surface after film removal 
on the right), (b) 2D analysis plot (blue line shows surface treated with 
EDTA) (Benedet, Green et al. 2009a). 
3D Spacer Layer Imaging Method (SLIM) employs optical interferometry for 
measurement of ZDDP film thickness. The steel ball with additive film on the surface is 
(a) (b)
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loaded against the glass disc covered with a semi−reflective chromium layer and silica 
spacer layer. In SLIM measurements, the phenomenon of spurious wear is not 
observed (Benedet, Green et al. 2009b). Both interfering beams travel through a glass 
disc, one is reflected from the semi−reflective chromium layer, the other travels 
through the spacer layer and the boundary film and is reflected from the metallic 
surface. The thickness of the spacer layer is established during calibration and the 
refractive indices of both the spacer layer and the boundary film are taken into account. 
Therefore, the measurement principle is different from WLI profilometry, where both 
beams travel through air and for a surface covered with a thin transparent film, the 
optical path length of the beam scanning the specimen is unknown. 
It was proposed that the top surface of the film can still be measured with an 
optical system if the specimen is covered with a very thin uniform layer of an opaque 
material with optical properties ensuring correct measurement, e.g. a metal such as 
gold (Benedet, Green et al. 2009b). A specimen with ZDDP tribofilm on the surface was 
partially treated with EDTA and sputtered with a thin layer of gold of ca. 25 nm. The 
surface was then scanned with a WLI microscope. The region not treated with EDTA 
was higher than that EDTA−treated due to the presence of a ZDDP film (Figure 2−31). 
 
Figure 2−31. Topography of the wear track after gold deposition (a) 3D surface 
scan, (b) line profiles along the lines indicated in (a) (Benedet, Green 
et al. 2009b). 
The method of gold deposition allows the measurement of surface topography 
without film removal, but it is time−consuming and expensive. It is not suitable for 
investigating running−in since the sample is damaged as a result of the procedure, and 
cannot be tested further. Nevertheless, it might provide useful information about the 
thickness and topography of the tribofilm, which would be particularly valuable for 
(a) (b)
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rough surfaces. However, it is not clear whether the resultant gold layer is thin and 
uniform enough to correctly represent the details of surface topography. 
2.8.2. Development of real−time topography measurement techniques 
Quantitative methods of real−time surface topography measurement are a 
dynamically changing field of work, as the need for precise monitoring of a changing 
surface is more and more recognized. In an optical fibre interferometer with a 
near−common−path configuration, noise is eliminated by using a zeroth−order 
diffracted beam as a reference, whereas an actual measurement is performed by the 
main interferometer (Jiang 2007). A sinusoidal phase modulating (SPM) interferometer 
was proposed for measurement of smooth surfaces, e.g. in optics, but at a current stage 
of development it can only work in low speeds (Guotian, Changrong et al. 2009). A 
Phase Shift Mode Interferometric Optical Microscope (PSM−IOM) was developed for 
real−time measurement of changing surface topography in liquid (Jobin and Foschia 
2010). The surface modification process was due to chemical etching, not wear, so the 
measurement was taken under stationary conditions. The potential applications of 
these systems are highly specialized fields of technology, including quality control 
during manufacturing of micro−electro−mechanical systems (MEMS) (Jiang 2007), 
optical components (Guotian, Changrong et al. 2009) or monitoring of etching 
processes in microfabrication (Jobin and Foschia 2010), but their potential application 
in tribology research, such as the study of running−in, should be considered. 
2.9. Conclusions 
A review of the literature on running−in has been presented, summarizing the 
definitions of running−in, the roles of wear, roughness and lubrication in the 
running−in and the basic information about ZDDP anti−wear additives. Moreover, the 
subsurface changes taking place in the initial period of the contact process have been 
presented, followed by a brief overview of various modelling techniques used for 
studying running−in. Finally, some most recent advances in the field have been 
described. 
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The studies of running−in are seldom comprehensive, and normally concern a 
limited range of experimental or numerical techniques. There is a need for a 
development of a more integrated approach to investigating running−in. Moreover, 
most of the researchers have concentrated on the sliding contacts, under the conditions 
promoting high wear and considerable topography changes, such as in the studies of 
the development of surface conformity. The topography changes taking place during 
running−in in rolling conditions or in the presence of anti−wear additives have rarely 
been investigated. As the running−in, or a lack thereof, can have a significant effect on 
the long−term system performance, this has become the motivation for this study. 
Additionally, an attempt is made to use this opportunity to identify problematic areas 
of studying running−in and propose appropriate solutions or directions of further 
development. 
 
In the next chapter, the experimental and investigative methods used in this 
work will be described and their suitability for the study of running−in will be 
assessed. 
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Chapter 3. EXPERIMENTAL AND INVESTIGATIVE TECHNIQUES 
In this chapter, the testing and investigative techniques used in this work are 
described, and the advantages and disadvantages of their use in the study of 
running−in are discussed. The choice of the tribotester is explained, followed by a more 
detailed description of the rig setup, including the measurement techniques of friction, 
electrical contact resistance and tribofilm thickness. Two contrasting surface 
topography measuring methods are presented, stylus−based and optical. Finally, a 
Vickers hardness tester used to measure the hardness of the specimens is described. 
3.1. Tribotesting 
A wide range of testing methods is available in tribology, enabling friction and 
wear to be measured on different scales and under various conditions. 
As this work is a basic study, less emphasis is given to the simulation of a specific 
application, but rather the tribotester is assessed on the basis of its usefulness for the 
study of running−in. Nevertheless, the chosen rig has to be able to simulate the typical 
operating conditions of such components as gears, rolling element bearings or cams 
and tappets, where micropitting in the presence of ZDDP is observed. Therefore, the 
tribotester should offer a non−conforming contact geometry, mixed rolling/sliding 
conditions and the possibility of using relatively rough specimens. 
Running−in often involves a lubrication regime transition. The frictional response 
of the system during a test designed to obtain a Stribeck curve can provide information 
about the lubrication regimes involved. Therefore, running multiple Stribeck tests at 
different time intervals during a running−in test should help to understand the 
influence of running−in on the system. Consequently, the chosen tribotester would 
preferably have a possibility to obtain Stribeck curves. 
To keep the contact conditions steady and to allow the gradual change of the 
surface roughness to be observed, a relatively low level of wear during running−in 
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should be ensured, preferably evenly distributed over a larger area. Additionally, the 
system should have a simple design and allow the specimens to be easily removed for 
examination, and then quickly replaced with minimum misalignment, so that the test 
could be continued. 
3.1.1. Mini Traction Machine (MTM) 
After considering the listed requirements, it was decided that the tribological 
tests should be carried out using a Mini Traction Machine (MTM2, PCS Instruments 
Ltd.), in which a rolling/sliding contact is achieved between the test ball and the disc. 
An advantage of such setup is that the wear is distributed over the wear tracks of both 
surfaces, rather than localized, thus preventing the contact conditions to significantly 
change within the test time. It allows a longer time of running−in, so that the changes 
happening in this stage can be more easily captured. Additionally, it is traditionally 
used to study boundary additives, so with appropriate optional equipment it is able to 
measure the tribofilm growth with time. The MTM enables the measurement of friction 
and wear under a wide range of contact conditions (Table 3−1), relevant to mechanical 
components operating under lubricated rolling/sliding, such as gears, cams and 
low−load rolling bearings. 
Table 3−1. MTM technical specification for standard specimens (PCS 
Instruments Ltd.). 
Contact ball on disc 
Type of motion rolling/sliding 
Load 0 to 75 N 
Contact Pressures  0 to 1.25 GPa with standard specimens 
up to 3.1 GPa with alternative specimens 
 Speed −5 to 5 m·s−1  
Slide/Roll Ratio  0 to 100%  
Temperature ambient to 150°C  
Atmosphere air 
Sample volume 35 ml 
Upper specimen 19.05 mm diameter ball 
Lower specimen 46 mm diameter disc 
 
The surface of the disc is fully immersed in a lubricant kept at a controlled 
temperature. The ball is loaded against the face of the disc and the ball and the disc are 
driven independently to create mixed rolling/sliding contact (Figure 3−1). The ball 
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shaft is positioned at an angle to minimize the spin in the contact. Consequently, the 
wear track on the ball is not on its equator. 
 
Figure 3−1. MTM setup: (a) specimens installed in the test chamber, (b) specimen 
configuration diagram. Arrows show the direction of motion. 
The system is fully automated and various test procedures can be designed by 
creating test profiles in dedicated software. A customized test can be created, 
consisting of any number of steps under chosen conditions of speed, slide/roll ratio, 
temperature and load. Available steps include: a timed step, a Stribeck test and a 
traction test. In a timed step, the test is run for a chosen length of time under the set 
conditions. A Stribeck test is performed to obtain frictional results for a range of 
entrainment speeds at constant slide/roll ratio and is commonly used for investigation 
of lubrication regimes. A traction test involves the measurement of friction for a range 
of slide/roll ratios at a constant entrainment speed. 
When the test is carried out under mixed rolling/sliding conditions, the friction 
during the timed step is measured with the ball travelling slower than the disc. During 
the Stribeck step, however, two consecutive measurements are taken: one with the ball 
travelling faster than the disc and the other with the disc travelling faster than the ball. 
The calculation of the friction force is then based on their difference divided by two. 
Originally, this procedure was designed to remove any offset in the load cell attached 
to the ball drive shaft (de Vicente 2006), but as a consequence also the rolling friction 
force is cancelled. This is because it does not change the sign depending on the relative 
speed of the rubbing surfaces. Therefore, the friction force measured during the 
Stribeck step corresponds only to the sliding friction component. 
During the test, various system parameters are registered. As shown in 
Figure 3−2, a load sensor controls the applied normal load, a wear sensor registers the 
vertical displacement for any geometry change due to wear, a traction sensor measures 
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the frictional force between the ball and the disc and the lubricant temperature is 
controlled by a thermocouple. 
 
Figure 3−2. A schematic diagram of the MTM tribotester. 
Additionally, the electrical contact resistance (ECR) can be registered to show the 
extent of metal−metal contact. During the experiment, an electrical potential is applied 
to the ball and when the surfaces are fully separated, the ECR reading is 100%, whereas 
direct metal−metal contact gives a value of 0%. The electrical contact resistance 
expressed in this way will be referred to as ECR% in this thesis. The reading is relative 
to a chosen resistance range, in this case 100 . The ECR% reading does not give any 
information about the type of material separating the surfaces, apart from it being 
non−conductive. Therefore, the ECR% signal increase might mean, e.g., fluid film 
formation or growth of an adsorbed solid layer separating the surfaces. It also does not 
give any indication of the thicknesses of these films.  
3.1.2. 3D Spacer Layer Imaging Method (SLIM) 
3D Spacer Layer Imaging Method (SLIM) is an additional optional feature of the 
MTM tribotester. It enables interferometric measurement of the additive film thickness 
on a test ball (Cann, Spikes et al. 1996; Fujita and Spikes 2004). 
The test setup and the principle of the method are shown in Figure 3−3. The test 
is stopped at certain intervals and a spacer−layer coated glass window is loaded at 
20 N against the wear track of the ball (Figure 3−3a). An optical interference image is 
Disc specimen
Ball 
specimen
Traction sensor
Load sensor
Wear sensor
Temperature sensorLubricant
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each time captured by a camera (Figure 3−3b) and analysed to determine the thickness 
of the film. 
 
Figure 3−3. 3D Spacer Layer Imaging Method: (a) test setup, (b) principle of SLIM. 
The glass disc is coated with a chromium semi−reflective layer and a silica spacer 
layer. The role of the semi−reflective layer is to split the white light, illuminating the 
contact through the glass disc, into two beams. One is reflected back to the detector, the 
other one goes through both disc coatings and any transparent film present on the 
specimen surface, and then is reflected by the ball surface. It travels back to the 
detector, but its path is longer than that of the first beam by double the thickness of any 
transparent layer present between the chromium layer and the ball surface. This 
difference can be measured by recombining both beams and producing an interference 
fringe pattern over the inspected area. The interference occurs either destructively or 
constructively, as described by the equations (Kapadia 2007): 
Equation 3−1. Destructive interference: 

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where : 
hf –  spatial thickness of the film [mm] (the optical film thickness divided by the 
refractive index n); the refractive index of the zinc phosphate glass has been 
reported to be in the range of 1.50–1.65 (Brow, Tallant et al. 1995), 
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N’ – fringe order, 
Φ – net phase change that occurs upon reflection; Φ can be found by calibration, 
λ –  applicable wavelength [mm], 
θ – the angle of incidence of the beam (usually 0). 
Solid tribofilms, such as that of the ZDDP anti−wear additive, are very thin, 
normally below 200−100 nm, while the minimum thickness that can be measured using 
a glass disc with a chromium semi−reflective layer is about 130 nm (Kapadia 2007). A 
layer of transparent material of known thickness, a spacer layer, is deposited on the 
disc to overcome this difficulty. After the measurement, the thickness of the spacer 
layer, measured precisely during the calibration process, is taken into account and a 
modified equation for the calculation of the true film thickness is used: 
Equation 3−3. True film thickness: 
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where the (sp) suffix applies to the values for the spacer layer alone and (sp+f) to when 
both the film and the spacer layer are present. 
In practice, a high resolution RGB camera captures the interference image, the 
red, green and blue pixels are converted to the corresponding film thickness values, 
and a map of film thickness in the contact area is created. The maximum film thickness 
that can be measured using the SLIM method is about 250 nm. 
There is no need to perform a test for pure base oil because the SLIM technique is 
designed to measure the film formed by an anti−wear additive. However, such tests 
have been done by those who developed the method (Taylor, Dratva et al. 2000). It was 
found that very rough surfaces do not conform perfectly to the spacer−layer coated 
disc. Some separation was observed, caused by air or oil filling the valleys of the 
surface roughness and giving an impression of a thin tribofilm present on the surface. 
However, such errors are not normally expected when ZDDP is used, as the surface of 
the standard MTM ball is very smooth to begin with and its roughness is normally 
very low at the end of the test as well. It is also assumed, that the solid tribofilm 
conforms elastically to the glass disc surface. 
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The advantage of the method is that the specimens do not need to be removed 
from the rig nor cleaned for the film thickness measurement. Therefore, the problems 
of misalignment of the re−installed specimens and undesirable surface modifications 
due to cleaning are avoided. However, the film thickness cannot be monitored 
continuously and it is necessary to stop the test and bring the ball to contact with the 
glass disc to take the measurement, thus introducing changes to any loosely adsorbed 
species present on the surface, which may or may not influence the film growth. 
Another issue is that it is not clear how the loading itself influences the reading, since it 
is reasonable to assume that the elastically deformed solid film might appear thinner 
than it is without deformation. Moreover, its topography might seem more uniform, 
both due to elastic deformation and incorrect interpretation of any gaps caused by the 
roughness of the ball surface and/or the tribofilms. 
3.2. Topography measurements 
3.2.1. White Light Interferometry − Wyko NT9100 Optical Profiler 
White Light Interferometry (WLI) is a non−contact optical technique of surface 
topography measurement, utilizing a two−beam Mirau interferometer (Wyant and 
Creath 1992). A beam of light emitted by the light source is split into two: one of the 
resulting beams is directed towards the sample, and the other one towards the 
reference mirror (Figure 3−4a). They interfere when both path lengths, to the sample 
and to the reference mirror, are the same and the recombined beam returns to the 
detector. The specimen is scanned in vertical direction, and as the scan progresses a 
series of intensity images are taken (Figure 3−4b). On the basis of the measured 
intensity an interferogram is built for each pixel (Figure 3−4c). The maximum of 
intensity indicates the focus of the objective, which corresponds to a height information 
for a given pixel. Height data for all pixels are then put together and a resulting matrix 
represents the three−dimensional topography. 
The Wyko NT9100 Optical Profiler (Veeco Instruments Inc.) is a WLI microscope 
widely used for topography measurements (Figure 3−5a). It employs a dual−LED 
illumination source and allows measurement of surfaces with wide range of 
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reflectivity, from below 1 to 100%. Both X−Y and Z stages are computer controlled. The 
tilt of the X−Y stage has to be adjusted manually and can be set at up to ± 6°. The 
system is placed on an antivibration air table to reduce the external vibrations during 
the measurement. Dedicated software, Vision, is employed for 2D and 3D data analysis 
and visualisation (Figure 3−5b). An optional MATLAB package allows the transfer of 
data between Vision and MATLAB for more complex analysis. 
 
Figure 3−4. Principle of WLI: (a) schematic diagram of a white light Mirau 
interferometer, (b) intensity images taken during the scan, (c) an 
interferogram. 
 
Figure 3−5. The Wyko NT9100 Optical Profiler (a) measuring unit, (b) 2D and 3D 
analysis using Vision software. 
(a) (b)
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Depending on the topography of the specimen, two measuring modes can be 
used, namely phase−shifting interferometry (PSI) and vertical scanning interferometry 
(VSI). Both have their limitations, but within their measurement ranges they are both 
highly accurate. 
In the PSI mode, the light is filtered to produce red light at a nominal wavelength 
of 633 nm. The calculation of surface heights is done on the basis of the phase data 
from the intensity signal. The application of the PSI mode is limited to smooth surfaces 
because the measurable height difference between two adjacent data points cannot 
exceed ¼ of the wavelength of the light used, so approximately 160 nm for most WLI 
microscopes (Conroy 2005). Within this range, the PSI method is accurate and can 
resolve heights of less than 3 Å. The vertical resolution in PSI mode is less than 0.1 nm, 
whereas repeatability of root mean square roughness measurement is about 0.05 nm. 
In the VSI mode, the calculation of surface heights is done on the basis of fringe 
modulation data, which allows the vertical measurement range of up to 10 mm. The 
noise present in VSI results limits its vertical resolution to around 3 nm, so it should 
only be used for measurements of rough surfaces. For the step heights that are less 
than the coherence length of the light source in use, a so−called “batwings effect” is 
commonly observed (Figure 3−6). The problem has been known as batwings because of 
the shape of the false information (Harasaki and Wyant 2000). The height, width and 
number of observed batwings can be reduced if correct measurement parameters are 
used. 
  
Figure 3−6. Batwing effect observed with the Wyko NT9100 Optical Profiler in 
VSI mode. 
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A measurement array of 640x480 is produced in a single measurement, but it is 
possible to combine single scans for measurement of a larger area using a stitching 
option. This technique addresses the most crucial limitation of optical profilometry: the 
small field of view; however, it also causes accumulation of any errors present in the 
constituent single measurements and the stitching procedure itself introduces further 
errors. The sources of these errors include the overlap area, the number of 
measurements and the stitching order. Moreover, the topography of the surface, e.g. 
very steep slopes, can also cause incorrect stitching. 
The configuration of the Wyko NT9100 used in this study included a 20X 
objective paired with a choice of field−of−view multipliers: 0.55X or 1X to give a 
magnification of either 11X or 20X, depending on the sample topography. The lateral 
resolution was 487.78 nm for 20X and 898.31 nm for 11X magnification, with the 
field−of−view of 312x234 and 575x431 µm, respectively. 
The advantages of the WLI profilometry are that it is a non−contact method, 
quick and of high vertical resolution, and allows obtaining three−dimensional surface 
scans. Due to diffraction effects, the current resolution limit of the method is about 
0.5 µm (Conroy 2005). Possible problems can arise from the optical properties of the 
surface, such as the presence of materials with dissimilar optical properties or thin 
films. Already mentioned batwing effect and stitching measurement errors, as well as 
vibration and system noise can be reduced or avoided altogether if correct 
measurement procedures are employed. Furthermore, if the instrument cannot 
determine the height properly, such as for steep slopes or deep valleys of rough 
surfaces, it leaves the data point empty, which can be observed as missing data points 
in the heights array (Figure 3−7). 
The Wyko NT9100 is suitable for the study of running−in as it allows precise 
relocation of the area of interest on the specimen. The preview of the field−of−view is 
available on the computer screen, so the same features of the surface, such as 
deliberately introduced marks, can be precisely found each time the sample is scanned. 
The disadvantages include the presence of stitching errors, batwings or missing data 
points. Another problem arises from the X−Y stage design, as the stage tilt can only be 
set manually. If the same surface is scanned twice within a longer period of time, there 
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is a high possibility that the tilt was changed by another user. In such event, a 
comparison of both measurements is more difficult. 
  
Figure 3−7. Missing data points in a 2D surface profile extracted from a 3D scan 
taken with the Wyko NT9100 in VSI mode. 
3.2.2. Confocal microscopy − µsurf 
In a confocal microscope, such as µsurf (Nanofocus AG, Figure 3−8a), point 
white light illumination is used and the objective is scanned in vertical direction. A 
pinhole is placed in front of the detector to eliminate the out−of−focus information. 
When the specimen surface is in focus, light going through the pinhole has maximum 
intensity, whereas light from a region that is not in focus is partly suppressed (Conroy 
2005). For each point, the position at which the maximum of the intensity curve is 
observed corresponds to the surface height (Figure 3−8b). Table 3−2 summarises main 
available configurations of µsurf. 
 
Figure 3−8. The µsurf confocal microscope (a) microscope setup, (b) example 
confocal intensity curve. (Nanofocus AG) 
(b)(a)
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Table 3−2. Possible configurations of µsurf confocal microscope. 
Magnification 5X 10X 20X 50X 100X 
Numerical aperture 0.15 0.3 0.4−0.6 0.5−0.95 0.8−0.9 
Vertical resolution [nm] 150 20 4−6 2−4 1−2 
Lateral resolution *μm+ 
(binning mode) 
3.3 
(6.3) 
1.6 
(3.1) 
0.8 
(1.6) 
0.3 
(0.7) 
0.2 
(0.3) 
3.2.3. Stylus profilometry − Handysurf E−35A Portable Surface Finish 
Measuring Instrument 
Stylus profilometry is a contact method of measuring surface topography. 
During the measurement, a diamond stylus is moved across the surface of the sample 
at a constant speed. The measured vertical displacement is plotted against the travelled 
distance to obtain a two−dimensional surface profile, which can be then further 
processed and analysed. 
The Handysurf E−35A (Accretech − Tokyo Seimitsu Co., Ltd.) is an example of a 
simple stylus profilometer designed for obtaining two−dimensional roughness curves 
of the surface. The setup consists of a measuring unit, a post−mount holder and a 
magnetic stand, which allow manual alignment with the workpiece (Figure 3−9). The 
measuring unit comprises a pickup with a skid and a stylus, a driver unit and an 
amplification indicator (not shown in Figure 3−9), which controls the system. A 
diamond conical stylus with 90° cone angle and 5 µm radius is used, with a sapphire 
skid of 40 mm radius in tracing direction. The displacement is measured by a 
differential inductance type transducer. The measurements are done with a measuring 
force of no more than 4 mN and a tracing speed of 0.6 mm/s. 
  
Figure 3−9. The Handysurf measurement setup. 
Driver unitPick-up
Workpiece
Magnetic stand
Post-mount holder
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The vertical resolution depends on the arbitrary Z−axis range of measurement, 
which can be up to ± 160 µm and has to be set for each surface depending on its 
characteristics. For the range of less than ± 20 µm, the vertical resolution is 10 nm. The 
maximum measuring range in X−direction is 12.5 mm, with the lateral resolution of 
600 nm. 
 The main advantage of the classic stylus profilometry is that the results are not 
sensitive to reflectance, colour or any other optical properties of the surface. However, 
the finer profile features may be smoothed, as the stylus tip size and shape can cause a 
filtering effect on higher frequency details of the surface. Furthermore, if the 
measurement of a relatively soft specimen is taken, there is a risk of scratching the 
surface with the diamond stylus and the skid. 
Three−dimensional characterization of the surface with the Handysurf is not 
possible, as only a single two−dimensional profile can be taken. Moreover, the 
Handysurf requires manual alignment with the examined surface, which may be a 
source of numerous errors. The lack of automated stage or camera preview does not 
allow precise relocation of the stylus in the chosen area of the surface, thus limiting the 
application of this instrument in the study of running−in. 
3.3. Hardness testing 
Hardness is a measure of material’s resistance to permanent deformation and is 
important in tribological components. It is not a true material property, but rather an 
empirical value designed to allow a comparison of engineering materials. There is a 
large number of standardized hardness testing methods, such as Vickers, Knoop, 
Brinell or Rockwell (Tobolski and Fee 1990). General principle of a hardness 
measurement is that under certain load an indenter is pressed into a surface and 
hardness is evaluated on the basis of the indentation size. The smaller the indentation, 
the harder the material. Each testing method has its own hardness scale and they are 
not directly comparable with each other.  
Vickers hardness tester, first developed by Smith and Sandland for the UK 
company Vickers Ltd (Smith and Sandland 1922), is one of the most widely used 
hardness testing machines. The method is currently regulated by an international 
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standard ISO 6507−1:2005. A diamond pyramid indenter is pressed into the surface 
under a chosen load, as shown in Figure 3−10 (Tabor 2000). The lengths of the two 
diagonals of the indentation are measured and the hardness is found on the basis of 
their mean value. Three consecutive measurements are taken at a considerable distance 
from each other and an average is calculated. 
 
Figure 3−10. Schematic representation of a diamond pyramid indenter used in the 
Vickers test and a resulting indentation in the workpiece (not to 
scale). d, mean diagonal of the indentation (normally in the range of 
0.005−1.000 mm) (Tobolski and Fee 1990) 
Vickers hardness is defined as the load supported by the surface area of the 
indentation. The geometry of the indenter is such that the projected area of the 
indentation (d2/2) is 0.927 times the area of the contact surface (Tobolski and Fee 1990), 
and Vickers hardness is calculated as: 
Equation 3−4. Vickers hardness: 
2
2
927.0
Hd
L
HV   
where: 
HV – Vickers hardness [kgf/mm2 or HV], 
L – applied normal load [kgf], 
dH –  mean diagonal of the indentation [mm]. 
Although the unit of Vickers hardness is kgf/mm2, the result is normally reported 
as Vickers Pyramid Number (HV) or Diamond Pyramid Hardness (DPH), e.g. 
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hardness of 885 kgf/mm2 is presented as 885HV30, where “885” is the measured 
Vickers hardness number, “HV” indicates the hardness scale, and “30” is the load used 
during the measurement in kg. 
When testing a convex or a concave curved surface, such as a sphere or a 
cylinder, it is necessary to apply a correction to the reading, because the hardness 
calculation described above assumes a flat surface. Therefore, depending on the surface 
geometry, the result might underestimate or overestimate the hardness. For a convex 
spherical surface, the indentation will have shorter diagonals than for a flat surface of 
the same material, and thus the reading will overestimate the hardness. The correction 
factor, therefore, has a value between 0 and 1 and the smaller the radius of curvature 
the lower the correction factor. Its value depends on the ratio of the mean diagonal of 
the indentation to the diameter of the sphere or cylinder and can be found in a 
standard for Vickers hardness testing (ISO 6507−1:2005). 
3.4. Summary 
The testing techniques, MTM and MTM−SLIM, as well as the methods of 
tribofilm thickness, topography and hardness measurement used in this work have 
been described in this chapter and their usefulness in the study of running−in was 
evaluated.  
Micropitting in the presence of ZDDP is normally observed in non−conforming 
contacts of rough surfaces, operating under rolling/sliding conditions. The MTM 
tribotester is designed to simulate these conditions, typically found in such 
components as gears, rolling element bearings or cams and tappets. However, it is not 
suitable for studying micropitting itself, but rather it allows a longer time of 
running−in and relatively low wear, so that the changes taking place during 
running−in can be more easily captured. MTM specimens can be quickly removed 
from the rig and replaced with minimum misalignment, which enables interrupted 
tests to be run. Additionally, the rig offers a possibility to obtain information on the 
lubrication regimes involved on the basis of a Stribeck curve and an option to measure 
the tribofilm thickness. 
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The Wyko NT9100 optical profiler is suitable for the study of running−in as it 
allows high resolution 3D topography measurement and precise manual relocation of 
the area of interest on the specimen. Only recently, it has been found to be unsuitable 
for measuring surfaces with transparent films, such as that of a ZDDP additive 
(Benedet, Green et al. 2009a). The phenomena involved and possible solutions of the 
problem will be discussed further in this thesis, including the study involving another 
optical method of surface topography measurement, confocal microscopy, whose main 
principle has also been presented in this chapter. The Handysurf stylus profilometer, 
although not sensitive to any optical properties of the surface, has been found to have 
limited application in the study of running−in, as it does not offer a 3D surface 
measurement or possibility of relocation, and it requires manual alignment with the 
examined surface, which may be a source of numerous errors. 
 
In the next chapter, the choice of specimens, lubricants and testing conditions 
will be presented, followed by the details of the procedures designed to study 
running−in. Additionally, the wear volume calculation methods, developed specifically 
for this study, will be described. 
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Chapter 4. THE DEVELOPMENT OF TESTING PROCEDURES 
In this chapter, the choice of the test specimens is explained, including a 
description of their material properties and the details of the surface finish and 
heat−treatment procedures applied. The selected lubricants and testing conditions are 
listed, followed by a calculation of the predicted minimum lubricant film thickness, 
maximum contact pressure, and other theoretical parameters characterizing the contact 
conditions. Both the continuous and interrupted test procedures are described, as the 
study of running−in requires the tests to be stopped at certain intervals, e.g. for 
topography, tribofilm thickness or Stribeck curve measurement. A system of symbols is 
introduced, which will be used throughout the thesis to describe the experimental 
conditions for each test carried out. 
The most important developments involve the adaptation of optical profilometry 
to the study of running−in. To observe the gradual evolution of the surface topography 
during running−in, a method of precise manual relocation of the measurement is 
developed, thus enabling the same area of the surface to be measured each time. 
Additionally, the post−processing filtering and roughness parameters are presented, as 
well as the method of chemical removal of the ZDDP film from the surface. Finally, the 
development of novel wear volume calculation methods for smooth ball and rough 
disc specimens on the basis of 3D topography scans is described. 
4.1. Specimens 
To study different aspects of running−in, two configurations of specimens were 
used: with a disc harder than a ball and with a ball harder than a disc. 
To recreate the conditions likely to promote micropitting, a “disc harder than a 
ball” configuration was chosen. In the Study A, specimens with a large hardness 
difference of over 550HV were tested, namely AISI 1013 carbon steel balls and 
standard MTM AISI 52100 steel discs. However, the relatively rough carbon steel balls 
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with irregular finish proved to be inappropriate for tribotesting, as described further in 
the thesis. 
In the Study B, both specimens were made of the same material, AISI 52100 steel, 
and a smaller hardness difference was chosen. In a “disc harder than a ball” 
configuration, the hardness difference of about 80HV was achieved by tempering the 
standard MTM steel balls to the desired hardness. A “ball harder than a disc” 
configuration was chosen for investigation of the roughness evolution with time, as in 
such case the rough disc was expected to wear more than the smooth ball. Standard 
MTM specimens were used, since the standard balls are harder by about 120HV than 
the discs, so their hardness already fulfilled the requirement. The rough discs had 
either isotropic or unidirectional finish. Additionally, some tests were carried out with 
polished discs to establish the influence of the initial surface roughness on friction and 
lubrication regime. 
As mentioned above, the specimens were made of two types of steel: the 
AISI 52100 bearing steel and the AISI 1013 carbon steel. Table 4−1 presents the 
chemical composition of both steels. 
Table 4−1. Chemical composition of the AISI 52100 and AISI 1013 steels. 
Element 
Content [%] 
AISI 52100 
(Guo and Liu 2002) 
AISI 1013 
(ASM Handbook Vol.1 1990) 
C  0.98 − 1.1  0.11 − 0.16  
Mn  0.25 − 0.45  0.50 − 0.80  
P (max) 0.025  0.040 
S (max) 0.025  0.050 
Si 0.15 − 0.3  − 
Cr 1.3 − 1.6  − 
Fe balance balance 
 
The AISI 52100 alloy steel is a high carbon chromium steel used in a variety of 
applications, especially where high wear resistance is desired, such as in bearings, 
cams or crank shafts. It has very limited ductility: it is brittle at room temperature and 
as the temperature increases, it becomes more ductile. Its other designations include 
SAE 52100 and DIN 100Cr6. Table 4−2 and Table 4−3 list chosen physical and 
mechanical properties of the AISI 52100 steel. 
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Table 4−2. Physical properties of AISI 52100 alloy steel (Guo and Liu 2002). 
Property Value Unit 
Density 7.8 ×103 kg/m3 
Inelastic heat fraction 0.9 − 
Thermal conductivity 43 W/mK 
Specific heat 458 J/KgK 
Thermal expansion 11.5 at 25°C 
12.6 at 204°C 
µm 
 
Table 4−3. Mechanical properties of AISI 52100 alloy steel at 20°C (Guo and 
Liu 2002). 
Property Value Unit 
Yield Strength 1.4 GPa 
Tensile Strength N/A (material brittle in nature at this T) 
Fracture Strength 1.9 GPa 
Yield Strain 0.7 10−2 
Tensile Strain 1.1 10−2 
Fracture Strain 1.1 10−2 
Young’s Modulus 201 GPa 
Poisson’s ratio 0.28 − 
 
Typical microstructure of the AISI 52100 bearing steel (Figure 4−1), hardened and 
tempered, consists of a high−carbon martensite matrix, hard particles of primary 
carbides, such as CrC, and 5−10% retained austenite (ASM Handbook Vol.1 1990). With 
cyclic deformation, austenite can undergo transformation into martensite (Christ, 
Sommer et al. 1992). 
 
Figure 4−1. Microstructure of the AISI 52100 steel MTM specimens (a) disc, 
(b) ball. 
(a) (b)
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The AISI 1013 low carbon steel is soft, ductile, malleable and has a very low wear 
resistance, so it is normally carburized to improve its surface hardness. The specimens 
used in this study were not heat treated. Some basic physical and mechanical 
properties of AISI 1013 steel are listed in Table 4−4. 
Table 4−4. Physical and mechanical properties of AISI 1013 carbon steel (ASM 
Handbook Vol.1 1990). 
Property Value Unit 
Density 7.7 − 8.03 ×103 kg/m3 
Young’s Modulus 190 − 210 GPa 
Poisson’s ratio 0.27 − 0.30 − 
 
Figure 4−2 shows the detailed geometry of the specimens. As a result of the 
rubbing process, the wear tracks are formed on the ball and the disc. During the 
tribotest, the ball is rubbing against the surface of the disc’s outer ring, so this is where 
the required surface finish is applied (Figure 4−2a). The wear track on the ball is not 
formed on its equator (Figure 4−2b) because the ball shaft is positioned at an angle to 
the disc surface to minimize the spin in the contact. 
 
Figure 4−2. Geometry of the MTM specimens (a) disc, (b) ball. 
All tested MTM discs were made of the AISI 52100 hardened bearing steel. The 
Vickers hardness of the discs was 762 ± 3 HV30. Three types of surface finish were 
used: smooth, isotropic and unidirectional (Figure 4−3 and Figure 4−4). The surface 
finish of the smooth and isotropic discs was applied by the manufacturer, PCS 
Instruments Ltd. The discs were lapped and polished with a diamond lapping 
compound. The discs with smooth finish (Sq roughness of 0.01 ± 0.01 µm) were used in 
Contact 
surface
Wear track
Mounting holes
Ø46.00 mm
Ø42.00 mm
Disc diameter
Wear track diameter
Wear track
Mounting hole
Ø19.05 mm
Ø17.35 mm
Ball diameter
Wear track diameter
(a) (b)
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the selected tests to establish the level of friction corresponding to a of fluid lubricant 
film. The isotropic discs were rough, with the Sq roughness of 0.24 ± 0.02 µm. 
 
Figure 4−3. Photographs of discs with the (a) smooth, (b) isotropic and (c) 
unidirectional finish. 
 
Figure 4−4. Surface topography scans of discs with the (a) smooth, (b) isotropic 
and (c) unidirectional finish. 
Std spatial parameter is a measure of the angular direction of the dominant lay 
comprising a surface, relative to Y axis. It is based on Fourier analysis, and is 
determined by the Angular Power Spectral Density Function. If a surface is spatially 
isotropic, there is no lay, and Std is indeterminate. Std parameter calculated with Vision 
software was indeterminate for both smooth and isotropic discs, which confirmed that 
both of these surfaces were spatially isotropic. 
In tribological contacts, the direction of roughness lay plays an important role 
(Ostvik R. 1968−1969; Johnson and Shercliff 1992). It has been observed that in 
rolling/sliding the rise of conformity occurred only under conditions where the 
roughness variation of the rotating part was mainly two−dimensional (Ostvik R. 
1968−1969). Therefore, to observe the running−in of rough surfaces with different 
(a) (b) (c)
(a)
(b)
(c)
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texture directions, a unidirectional finish was applied on a standard MTM disc 
(Figure 4−5). The surface was lapped in one direction, using fine P120 grade abrasive 
paper. As a result, the orientation of the lay varied over the circumference of the disc 
and during one test different directions of the roughness can be investigated. Two 
points were chosen for observation: with the roughness lay parallel (longitudinal 
finish) and perpendicular to the rubbing direction (transverse finish). Both lays had Sq 
of 0.30 ± 0.03 µm, and Std was 90° for transverse and 0° for longitudinal finish, relative 
to the direction of rubbing. 
 
Figure 4−5. Application of unidirectional finish on a standard MTM disc and its 
surface topography in chosen measurement points. White arrows 
show the direction of rubbing in relation to the roughness lay during 
the tribotest. 
The AISI 1013 carbon steel balls (Atlas Ball and Bearing Co. Ltd.) were used in 
the Study A (Figure 4−6a and Figure 4−7a). Their surface finish was irregular, with 
randomly distributed deep valleys and large smooth areas, and the Sq roughness of 
0.13 ± 0.05 µm after removing the curvature. In the Study B, the AISI 52100 alloy steel 
balls (PCS Instruments Ltd.) were used, either fully hardened (Figure 4−6b and 
Figure 4−7b) or tempered (Figure 4−6c and Figure 4−7c), with the Sq roughness of 
0.01 ± 0.01 µm and 0.02 ± 0.01 µm, respectively. 
Direction of finish
Longitudinal finish
Transverse finish
A. KARPINSKA CHAPTER 4 THE DEVELOPMENT OF TESTING PROCEDURES 
Page 107 
 
 
Figure 4−6. Photographs of MTM balls made of the (a) AISI 1013 carbon steel, (b) 
AISI 52100 alloy steel, (c) tempered AISI 52100 alloy steel. 
 
Figure 4−7. Surface topography scans (after the curvature removal) of MTM balls 
made of the (a) AISI 1013 carbon steel, (b) AISI 52100 alloy steel, (c) 
tempered AISI 52100 alloy steel. 
The hardness of the specimens was measured with a standard Vickers tester. A 
great care was taken to make sure that the measurement was performed on the highest 
point of the ball, so that the shape of the indentation was symmetrical. If the difference 
of length between the two diagonals was greater than 3%, the result was discarded and 
the measurement repeated in a different position on the ball. The Vickers hardness test 
is designed for flat surfaces, so the results obtained for the spherical specimen had to 
be multiplied by a correction factor (ISO 6507−1:2005). After the correction, the Vickers 
hardness of the AISI 1013 balls was 216 ± 8 HV20, whereas the fully hardened 
AISI 52100 balls had the hardness of 885 ± 1 HV30. As the carbon steel specimens were 
much softer, a lower load was used during the hardness test. 
In the Study B, a “disc harder than a ball” configuration was achieved by 
tempering the standard AISI 52100 steel balls to the required hardness (Figure 4−8). 
Tempering is a type of heat treatment technique, in which a previously hardened steel 
(a) (b) (c)
(a)
(b)
(c)
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is re−heated to a certain temperature and held for a specific time. The iron lattice of the 
hardened steel is strained by carbon atoms and during tempering they diffuse from the 
martensite to form transition carbides, thus lowering the carbon content in the 
martensite and decreasing the stress level in the material (Wisti and Hingwe 1990). 
Therefore, tempering is used to reduce the hardness of the steel, increase its ductility 
and toughness. The choice of temperature and tempering time depends on the type of 
the steel, its initial state and the required final hardness. 
 
Figure 4−8. Comparison of the AISI 52100 balls (a) fully hardened, (b) tempered in 
argon atmosphere, (c) tempered in a vacuum furnace. 
In the first attempt, a standard laboratory oven with air atmosphere was used. 
The specimens were held at 200°C for four hours, then cooled outside the oven at room 
temperature. As the heat treatment and cooling took place in the presence of oxygen 
from the air, iron oxides were formed on the steel surface, causing it to change its 
colour. In steels, the temper colours range from straw yellow to almost black blue, 
depending on the composition and the thickness of the oxide layer. The extent of 
oxidation depends on the temperature, tempering time, furnace atmosphere and 
cooling atmosphere. Two batches of tempered specimens were produced under the 
same conditions. The surface colour of the first batch was straw yellow and the Vickers 
hardness was 826 ± 5 HV30, whereas the second set were light to dark purple with 
791 ± 11 HV30. Even though the conditions used were the same, the specimens had 
inconsistent temper colour and hardness, even within the same batch, which implied 
that the temperature control in the oven was not sufficient. Therefore, it was decided 
that a furnace with more precise temperature control and chemically inert atmosphere 
should be used to limit the surface oxidation. 
In the second attempt, the specimens were tempered for four hours in a 
laboratory furnace with better temperature control and argon atmosphere. To establish 
what temperature should be used to achieve the required hardness, three batches were 
produced. All specimens were of dark blue colour (Figure 4−8b) and of consistent 
(a) (b) (c)
A. KARPINSKA CHAPTER 4 THE DEVELOPMENT OF TESTING PROCEDURES 
Page 109 
 
hardness for each set of conditions (Table 4−5), which implied that the temperature 
control was more precise than in the case of the oven with air atmosphere. It was 
decided, though, that a better control of the furnace atmosphere is needed to reduce 
the surface oxidation. 
Table 4−5. Vickers hardness of the AISI 52100 steel balls tempered in a 
furnace with argon atmosphere. 
Tempering temperature [°C]  Vickers hardness [HV30] 
220 830 ± 2 
250 711 ± 2 
300 630 ± 1 
 
In the final attempt, the specimens were held for four hours at 250°C in a vacuum 
tempering furnace (Bodycote plc), and then cooled with a nitrogen gas to avoid the 
formation of the oxidized layer. The resultant tempered balls were still slightly blue 
(Figure 4−8c), but with brighter finish and consistent colour and hardness 
(678 ± 7 HV30). The presence of the oxide layer contributed to the slight roughness 
increase, and as a result the Sq roughness of the tempered balls was 0.02 ± 0.01 µm after 
the curvature removal. As the amount of the oxide on the surface was low and even, it 
was decided that it did not require removal. 
The geometry, surface finish and material characteristics, including 
microstructure, heat−treatment and hardness of the specimens, were described. 
Table 4−6 lists the main properties of the specimens, together with the symbols that 
will be used in the thesis to designate them. 
Table 4−6. Summary of specimens. 
Symbol 
Specimen 
geometry 
Steel 
Vickers 
Hardness 
Surface finish Sq [µm] 
sm Disc AISI 52100 762 ± 3 HV30 polished 0.01 ± 0.01 
iso Disc AISI 52100 762 ± 3 HV30 isotropic 0.24 ± 0.02 
uni Disc AISI 52100 762 ± 3 HV30 unidirectional 0.30 ± 0.03 
cs Ball AISI 1013 216 ± 8 HV20 not polished 0.13 ± 0.05 
hb Ball AISI 52100 885 ± 1 HV30 polished 0.01 ± 0.01 
sb Ball AISI 52100 678 ± 7 HV30 polished 0.01 ± 0.01 
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4.2. Lubricants 
To establish the influence of a ZDDP anti−wear additive on the mixed regime 
running−in behaviour of rough surfaces, a low viscosity API group I mineral oil was 
chosen as a base fluid. It is not as resistant to ageing or oxidation as synthetic oils; 
however, due to its low cost it is widely used in automotive, plant and agricultural 
applications, as well as in transmission systems. ZDDPs are the most common and the 
cheapest group of anti−wear additives at the moment, even though phosphorus has an 
adverse effect on the automobile catalytic converters. A lot of effort has been put in 
trying to replace them with phosphorus−free alternatives, but their effectiveness is so 
high and their cost so low that they still remain irreplaceable. In this study, the more 
reactive secondary alkyl ZDDP was used in the concentration of 1% wt. (0.077% wt. P 
in blend). Two sets of tests were performed: with the base oil containing no additives 
and with the base oil containing 1% wt. secondary ZDDP. 
The most important property of a fluid lubricant is its viscosity. It is a measure of 
fluid’s resistance to shear or tensile stresses and it determines the lubricant film 
thickness, and consequently both friction and wear in a tribological system. The 
viscosity of a liquid depends on its temperature and is independent of the pressure, 
except for very high pressure values. To find oil viscosity at a given temperature, a 
curve of viscosity dependence on temperature (Figure 4−9) is constructed on the basis 
of the Walther function (Equation 4−1)(ASTM D341−09). 
Equation 4−1. Walther function: 
W = log log (ν + aW) = bW – nW logT 
 
where: 
W –  Walther function, 
ν –  kinematic viscosity [mm2/s], 
aW –  coefficient equal to 0.7 when ν > 2 mm2/s, 
bW, nW –  constants characteristic of the oil, 
T –  temperature [K]. 
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Figure 4−9. An example ASTM viscosity chart. 
The Walther function allows the viscosity dependence on temperature to take a 
form of a straight line for the base stock in the standard range of working 
temperatures. Therefore, kinematic viscosity is measured at two temperatures of 40 
and 100°C, and then the line can be interpolated or extrapolated to find a value of 
viscosity at a given temperature. Factors such as the presence of additives or base oil 
composition can influence the shape of the curve. Moreover, extrapolating to very high 
or low values of temperature might cause high inaccuracy of the result. 
Dynamic viscosity can be calculated as a product of kinematic viscosity and oil 
density at a given temperature. To take into account the viscosity changes present at 
high pressures, the result has to be corrected by a pressure viscosity coefficient defined 
by Equation 4−2. 
Equation 4−2. Pressure viscosity coefficient (Roelands 1966): 
 
pP   exp0
  
where: 
η – dynamic viscosity of a lubricant in given temperature and pressure [Pa·s], 
η0 – dynamic viscosity in atmospheric pressure [Pa·s], 
P – pressure [Pa]; 
p –  pressure viscosity coefficient [Pa−1]. 
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In practice, the pressure viscosity coefficient for a given temperature is calculated 
according to Equation 4−3, described in AGMA 925−A03 standard, on the basis of the 
measured dynamic viscosity and constants characteristic of the tested oil. 
Equation 4−3. Pressure viscosity coefficient (AGMA 925−A03): 
s
p k    
where: 
k, s –  constants characteristic of the oil. 
The same API group I mineral oil as used in this study was previously tested for 
viscosity−temperature properties (Lainé 2009). A viscometer was used to measure the 
viscosities of both base oil and oil containing ZDDP at 40°C and 100°C. The viscosity 
values at testing temperatures used in this thesis, as well as the pressure viscosity 
coefficients, were calculated according to ASTM and AGMA standards (AGMA 
925−A03; ASTM D341−09), and are shown in Table 4−7. The ZDDP was found to 
increase the viscosity of the lubricant used, especially at a higher temperature, e.g. by 
about 3% at 100°C. 
Table 4−7. Viscosity−temperature properties of the lubricants used in this 
thesis. 
Lubricant 
Temperature 
[°C] 
Dynamic viscosity 
[Pa·s] 
Pressure viscosity 
coefficient [GPa−1] 
API group I mineral 
oil 
70 5.16×10−3 12.91 
100 2.72×10−3 12.24 
API group I mineral 
oil with ZDDP 
70 5.28×10−3 12.91 
100 2.82×10−3 12.24 
4.3. Testing conditions 
The experimental conditions were selected to ensure the mixed to boundary 
lubrication regime at the beginning of the test and mild wear regime throughout (i.e. 
where the Archard wear coefficient is less than ca. 10−5). All tests were conducted with 
50N normal applied load, mean speed of 2 m/s and 5% slide/roll ratio. Two lubricant 
temperatures were used: 70°C and 100°C. 
Rolling/sliding conditions are normally described with a slide/roll ratio, 
expressed by Equation 4−4. 
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Equation 4−4. Slide/roll ratio for the MTM tribotester: 
%100


U
UU
SRR
db  
where: 
Ub – ball velocity [m/s], 
Ud – disc velocity [m/s], 
U – entrainment speed; U = (Ub+Ud)/2 [m/s]. 
Thus, pure rolling conditions, where both ball and disc velocities are equal and 
have the same direction, are represented by the value of slide/roll ratio of 0%, whereas 
for pure sliding SRR = 200% (i.e. either Ub or Ud = 0). The values between 0% and 200% 
describe a whole range of mixed rolling/sliding conditions. 
Slide/roll ratio of 5% and 2 m/s entrainment speed result in sliding speed of only 
0.1 m/s. In this work, a low value of slide/roll ratio was chosen to limit frictional 
heating, characteristic for sliding conditions, as well as to encourage the initiation of 
fatigue type wear, such as micropitting. A relatively high entrainment speed and 
moderate normal load, together with the chosen surface finish and lubricant viscosity, 
should ensure mixed to boundary lubrication regime. 
As the rate of the ZDDP tribofilm growth depends on the temperature, first tests 
were performed at a relatively low temperature of 70°C, so that the influence of the 
gradually growing film on the frictional system response could be better observed. 
However, the lubricant viscosity under these conditions was high enough to suppress 
any substantial topography changes of the rough disc surfaces, especially when pure 
base oil was used, as will be described further in the thesis. Therefore, another set of 
tests at 100°C was also carried out. 
The design of the MTM tribotester is such that the ball and the disc have different 
wear track lengths and often different speeds, so they experience different number of 
rubbing cycles (Table 4−8). For 2 m/s mean speed and 5% slide/roll ratio the ball is 
slower than the disc and it experiences over twice as many cycles as the disc within the 
same period of time. Taking that into account, the results in this thesis will be 
presented against the time in minutes, rather than the number of cycles. 
Table 4−9 contains the number of cycles (rounded down to an integer) for ball 
and disc, for any step length involved in this work. 
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Table 4−8. The number of cycles per minute for 2 m/s mean speed and 5% 
slide/roll ratio. 
 Ball Disc 
Speed [m/s] 1.95 2.05 
Wear track radius [mm] 8.67 21.00 
Wear track length [m] 0.0545 0.1319 
Number of cycles per minute [rpm] 2 147 932 
 
Table 4−9. The number of cycles for each step length used in this work. 
Step length 
[min] 
Number of cycles 
in each step 
 Total testing 
time [min] 
Total number of 
cycles 
Ball Disc  Ball Disc 
0.5 1 073 466  0.5 1 073 466 
0.5 1 073 466  1 2 147 932 
1 2 147 932  2 4 294 1 865 
2 4 294 1 865  4 8 589 3 730 
4 8 589 3 730  8 17 179 7 460 
7 15 032 6 527  15 32 211 13 987 
15 32 211 13 987  30 64 423 27 975 
30 64 423 27 975  60 128 847 55 950 
40 85 898 37 300  100 214 745 93 251 
50 107 372 46 625  150 322 118 139 876 
90 193 271 83 926  240 515 389 223 802 
 
The initial contact conditions are defined by a Hertzian maximum contact 
pressure and a minimum EHD film thickness, which allow evaluation of the 
macroscopic stresses in the contact and the lubrication regime involved, respectively. 
The calculated value of the maximum shear stress gives information about the possible 
material deformations. The width of the contact area can be estimated by calculating a 
contact semi−width. 
Maximum contact pressure was calculated for a circular contact using 
Equation 4−5. Equation 4−6 was used to find the contact semi−width. The predicted 
EHD film thickness was calculated using Dowson and Hamrock’s equation for 
elliptical contact (Hamrock and Dowson 1981) (Equation 4−7). 
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Equation 4−5. Maximum contact pressure: 
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p0 –  maximum contact pressure [GPa], 
L –  applied normal load [N], 
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E – contact modulus [GPa]: 
νP –  Poisson’s ratio, 
E –  Young’s modulus *GPa+. 
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– reduced radius of curvature along the entrainment 
direction [m]. For a circular contact, both reduced radii of curvature along 
longitudinal (Rx) and transverse (Ry) direction are the same. For a ball on flat 
contact, Rdisc is infinite, thus R = Rx = Ry = Rball. 
Equation 4−6. Contact semi−width: 
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where: 
a – contact semi−width *m+ 
Equation 4−7. Minimum EHD film thickness: 
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where: 
h0 –  minimum EHD film thickness [m], 
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U
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
  – non−dimensional speed parameter, 
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 – reduced Young’s modulus *GPa+, 
η – dynamic viscosity of a lubricant in given temperature and pressure [Pa·s], 
U – entrainment speed [m/s], 
'EG p  – non−dimensional material parameter , 
p – pressure viscosity coefficient of a lubricant at a given temperature [GPa−1], 
2'' xRE
P
W   – non−dimensional load parameter. 
The calculated value of the maximum contact pressure p0 was 1.08 GPa and the 
contact semi−width a was 0.15 mm. As the lubricant viscosity depends on the 
temperature and the presence of the additive, so does the minimum EHD film 
thickness (Table 4−10). For both rough discs (iso and uni), as well as for the AISI 1013 
steel ball (cs), the predicted film thickness was considerably lower than the Sq 
roughness, which was 0.24, 0.30 and 0.13 µm, respectively. This indicates that in these 
cases the system initially operated in boundary to mixed lubrication regime. 
Table 4−10. Calculated minimum EHD film thickness [nm]. 
Temperature [°C] Base oil Base oil with ZDDP 
70 45.0 45.7 
100 28.4 29.1 
 
The maximum shear stress was calculated using a relationship for a point 
contact: 0max 31,0 p = 335 MPa. The yield stress in shear for steels is half the tensile 
yield stress, which, in turn, is about 1/3 of the hardness, so for each specimen the yield 
stress in shear can be calculated as about 1/6 of the hardness (Table 4−11). 
Table 4−11. Yield stress in shear for the tested specimens. 
Specimen 
Vickers hardness 
[kgf/mm2] 
Vickers hardness 
[MPa] 
Yield stress in 
shear [MPa] 
sm, iso, uni 762 7 475 1 246 
cs 216 2 119 353 
sb 678 6 651 1 109 
hb 885 8 682 1 447 
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The results presented in Table 4−11 were then compared with the predicted 
maximum shear stress. For the AISI 1013 carbon steel specimen (cs), the predicted 
shear stress was very close to the elastic limit, so in practice it could exceed it and some 
plastic deformation was possible. For the rest of specimens the contact conditions were 
within the elastic limit. These values were calculated on the basis of the equations 
developed for smooth surfaces, so they only describe macroscopic stresses. 
4.4. Experimental procedures 
In the study of running−in, the same kind of information needs to be collected as 
in any other type of tribological research, but as a function of time. This adds another 
dimension to an already complicated problem of tribological contact, also due to the 
high rate of changes of the significant variables during this period. To obtain 
information about the surface changes taking place during running−in, a series of 
tribotests was performed using the MTM tribotester. The further part of this chapter 
gives details of all testing procedures involved. 
4.4.1. MTM testing procedures 
Before each test, the lubricant reservoir, stainless steel cover and other system 
components were thoroughly cleaned using solvents. First, any organic residue was 
removed with toluene, whereas to remove the traces of toluene an alcoholic solvent, 
isopropanol, was used. The otherwise more effective acetone could not be applied, as it 
could damage the main shaft seal. The lubricant reservoir and others parts were then 
dried with a hot air drier. A new ball and a new disc were used for each test. Fresh 
specimens were originally protected by an anti−corrosion coating, which had to be 
completely removed before the test. Both the ball and the disc were wiped with a soft 
tissue, cleaned first with toluene and then with acetone in an ultrasonic bath, and dried 
using a hot air drier. Specimens were at all times handled with tweezers and special 
care was taken to ensure that their surfaces stayed intact. 
The MTM software allows automated testing following a profile containing a 
sequence of user−defined steps. A separate profile was created for each set of 
conditions and type of testing procedure. After the specimens were installed, the 
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lubricant poured in and the chamber locked, the test profile was loaded and the test 
started. The temperature was stabilized while the specimens were rotated at 2 m/s 
without contact to allow even heating of the lubricant. A normal load was then applied 
gradually over a few seconds and the desired speeds were set. When all the 
parameters, namely the temperature, entrainment speed, slide/roll ratio and normal 
load, reached the required values, the first step of the planned test was initiated. 
The following data was recorded throughout the test: friction force, electrical 
contact resistance, temperature, normal load, ball and disc speeds. Additionally, the 
coefficient of friction, slide/roll ratio and entrainment speed were automatically 
calculated. During a timed step, which involved set testing conditions, the 
measurements were taken every 5 seconds, whereas in a Stribeck step each 
measurement point corresponded to a previously defined value of entrainment speed. 
The specimens were removed from the chamber immediately after the testing 
procedure was finished, or for interrupted tests at certain intervals when specimens 
were to undergo examination. The same cleaning procedure was used as for the fresh 
specimens. 
4.4.2. Continuous tests 
Firstly, continuous tests under the set conditions were run for a certain length of 
time to observe the changes of friction. Continuous tests consisted of a single MTM 
timed step under the set conditions of 2 m/s mean speed, 5% slide/roll ratio and 50 N 
applied normal load. Other parameters, such as temperature, lubricant composition, 
specimen hardness and surface finish were varied for different test series. Thus, for 
every set of conditions a coefficient of friction vs. time curve was obtained. On the 
basis of these curves, the length of the test and the time steps in the interrupted tests 
were chosen. A stable coefficient of friction was assumed to be a criterion for 
running−in completion. 
The continuous test procedure used in the Study A was as follows: 
a.  specimen cleaning, 
b.  specimen examination: 
− topography measurement with the Wyko (disc), 
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− topography measurement with the Handysurf (disc), 
− optical microscopy (ball and disc), 
c.  a 150−minute continuous MTM test under given conditions, 
d.  specimen cleaning as in a., and examination as in b., 
e.  electron microscopy (chosen specimens). 
The continuous test procedure used in the Study B was as follows: 
a.  specimen cleaning, 
b.  specimen examination: topography measurement with the Wyko (ball and disc), 
c.  a 240−minute continuous MTM test under given conditions, 
d.  specimen cleaning as in a., and examination as in b. 
To obtain accurate results, any ZDDP films present on the surfaces were 
chemically removed with a solution of EDTA before the optical topography 
measurements. 
4.4.3. Interrupted tests 
In the study of running−in, it was necessary to obtain the information about the 
topography, wear, lubrication regime and the ZDDP film formation as a function of 
time. Therefore, the interrupted tests were carried out under the same conditions as the 
corresponding continuous tests, but in this case each experiment was stopped at 
certain intervals so that the required measurements could be taken.  
Since the rate of the friction changes observed during the continuous tests was 
the highest at the beginning, which is typical for running−in, it was decided that the 
length of time steps will be increasing with time, and as a result the tests were stopped 
at the following intervals: 
- in the Study A: at 0.5, 1, 2, 4, 8, 15, 30, 60, 100 and 150 min, 
- in the Study B: at 0.5, 1, 2, 4, 8, 15, 30, 60, 100, 150 and 240 min. 
Three types of interrupted tests were done, and in each case a different 
measurement was performed during the interval: topography examination, Stribeck 
curve or determination of the tribofilm thickness. 
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A. INTERRUPTED TESTS FOR OBSERVATION OF THE SURFACE TOPOGRAPHY 
EVOLUTION 
At each interval, the specimens were removed from the tribometer, cleaned and 
dried. Their surfaces were then examined; after the topography measurement they 
were reinstalled in the tribotester and the test was resumed. In this procedure, the 
main concerns were the influence of the cleaning on the test results, as well as the 
possible misalignment of the reinstalled specimens. 
In the Study A, an optical microscope was used to take the images of the wear 
tracks of both specimens. The topography of the disc was examined with stylus 
profilometry (the Handysurf) and optical profilometry (the Wyko). As the influence of 
the ZDDP tribofilm on the WLI results was found to be negligible, the optical 
topography measurements were taken without any chemical treatment of the surface. 
In the Study B, the topography scans of both surfaces were taken with the Wyko. 
In this case, the ZDDP film had to be removed for the measurements to be accurate. 
Such modification of the surface would highly influence further test stages. Therefore, 
it was decided that for ZDDP the interrupted test for observation of the topography 
evolution should not be carried out. 
B. INTERRUPTED SLIM TESTS 
The test was stopped at certain intervals and the measurement of the additive 
film thickness in the rubbing contact was performed using a spacer layer 
interferometry feature (SLIM) of the MTM tribometer. The testing chamber was 
opened, a spacer layer−coated glass window was loaded against the wear track of the 
ball and an optical interference image was captured by a camera and analysed to 
determine the thickness of the film. The advantage of this procedure is that the 
specimens were not removed from the rig nor cleaned; however, the test still had to be 
stopped and the testing chamber opened. 
C. INTERRUPTED TESTS WITH STRIBECK CURVES 
At each interruption point, as well as at the beginning and at the end of the 
experiment, a Stribeck test was run automatically, without opening the testing 
chamber. A standard Stribeck curve is a plot of a coefficient of friction against a 
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Stribeck number (Figure 2−11). However, it was assumed that the lubricant viscosity 
and the load are constant, so the Stribeck number could be simplified. As a result, the 
Stribeck curves in this thesis are plots of a coefficient of friction against an entrainment 
speed. 
 In addition to the coefficient of friction, also the electrical contact resistance 
(ECR%) was registered during the tests and the results were plotted against the 
entrainment speed in the same way as for Stribeck curves, to show the extent of 
metal−metal contact for different stages of the test. 
All Stribeck tests were conducted at 5% slide/roll ratio and 50 N normal load. 
35 mean speed values were chosen within the measuring range of the MTM, i.e. up to 
5 m/s, spread logarithmically so that the mixed to boundary transition at lower speeds 
could be captured. Figure 4−10 depicts the distribution of the chosen entrainment 
speeds. The speeds were varied from high to low, so the Stribeck curve was run from 
right to left with negligible changes of the surface roughness (Czichos 1978). 
 
Figure 4−10. The speeds chosen for the Stribeck test. 
It was, however, observed that the MTM cannot sustain a stable slide/roll ratio of 
5% for the lowest and the highest speeds (Figure 4−11a). Therefore, the lowest 9 speeds 
and one highest speed from those shown in Figure 4−10 were removed from the test 
profile. Thus, a total number of 25 speed values were used, with the slide/roll ratio of 
5% relatively stable (Figure 4−11b). 
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Figure 4−11. Slide/roll ratio stability for sb100uni_bo test: (a) with 35 measurement 
points, (b) with the number of points reduced to 25. 
 
4.5. The list of experiments 
To simplify the presentation of the results in the thesis and avoid unnecessary 
repetition, symbols are used to state which specimens and conditions were applied in 
each test (Table 4−12). All tests carried out for this study are listed in Table 4−13. 
The varied parameters were: the presence of the additive in the lubricant, the test 
temperature, the surface finish of the disc and the hardness of the counterface. For 
example, a test symbol “hb100iso_bo” refers to a test conducted at 100°C with neat base 
oil, a ball of 885 HV hardness and a disc of isotropic finish and initial Sq of 
0.24 ± 0.01 µm. 
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Table 4−12. Test symbols explained. 
Ball  Test temperature 
Symbol Stands for Steel Hardness  Symbol Temperature 
cs “carbon steel” AISI 1013 200HV  70 70°C 
hb “harder ball” AISI 52100 885HV  100 100°C 
sb “softer ball” AISI 52100 680HV    
    
Disc  Additive 
Symbol Stands for Steel Sq roughness  Symbol Lubricant 
sm “smooth” AISI 52100 0.01±0.01 µm  bo neat base oil 
iso “isotropic” AISI 52100 0.24±0.01 µm  zddp base oil + 
1% wt. ZDDP uni “unidirectional” AISI 52100 0.30±0.01 µm  
  
 
Table 4−13. Tests carried out for each set of conditions  − done, empty cell − 
not done. 
 
Test symbol 
Continuous 
test 
Interrupted tests 
   
  S
tu
d
y
 A
 
With Stribeck 
curves 
For observation of 
topography evolution 
SLIM 
cs70sm_bo      
cs70sm_zddp     
cs70iso_bo     
cs70iso_zddp     
 hb70sm_bo     
S
tu
d
y
 B
 
hb70sm_zddp     
hb70iso_bo     
hb70iso_zddp     
hb70uni_bo     
hb70uni_zddp     
hb100sm_bo     
hb100sm_zddp     
hb100iso_bo     
hb100iso_zddp     
hb100uni_bo     
hb100uni_zddp     
sb100sm_bo     
sb100sm_zddp     
sb100iso_bo     
sb100iso_zddp     
sb100uni_bo     
sb100uni_zddp     
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4.6. Topography measurement procedures 
4.6.1. Stylus profilometry − Handysurf E−35A 
A stylus profilometer used in this study, the Handysurf E−35A, enables a 
two−dimensional measurement of the surface roughness. As it was not equipped with 
any type of relocation system, the approximate area of interest was each time found 
using a mark on the surface. Therefore, a direct comparison could not be made 
between the measurements taken at each test interruption point. 
Normally, when the smooth surfaces are measured, the profiles obtained with 
the Handysurf can be used to calculate the wear volume (Figure 4−12a). A reference 
plane, corresponding to the topography of the unworn surface, can be easily found by 
connecting both unworn areas with a straight line. However, for rough specimens used 
in this study, the unworn area itself was rough and such line could not be found 
(Figure 4−12b). Furthermore, the amount of wear was low, within the range of the 
original roughness, as can be seen in the wear track area (at c.a. 600−900 µm) shown in 
Figure 4−12b. 
 
Figure 4−12. Typical Handysurf surface profiles for (a) a smooth worn surface 
(Olomolehin, Kapadia et al. 2010) (dashed line shows usually 
employed wear calculation method), (b) disc of isotropic finish used 
in this study. 
As the Handysurf requires manual alignment with the examined surface, this 
may be a source of numerous errors, especially when the specimen is too small to give 
support to the driver unit and a system of holders has to be used. A slightest deviation 
from the correct position, as shown in Figure 4−13, can significantly influence the 
accuracy of measurement and might result in such profile as shown in Figure 4−14b. 
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 (a) (b) (c) (d) (e)  
Figure 4−13. An alignment of the measuring unit with the specimen (a,c) correct, 
(b,d,e) incorrect. (Accretech − Tokyo Seimitsu Co., Ltd.)  
 
Figure 4−14. Topography profiles of a flat rough surface (a) with a correct 
Handysurf − specimen alignment, (b) with an incorrect alignment. 
The available specimen holder was not appropriate for the ball. Moreover, it was 
extremely difficult to align the measuring unit properly with the curved surface, and 
even more difficult to assess whether the measurement result is correct or not. 
Therefore, it was decided that the Handysurf will be used only to measure the surface 
profiles of the discs. 
4.6.2. White Light Interferometry − Wyko NT9100 
Non−contact topography measurements were performed using the Wyko 
NT9100 Optical Profiler in VSI mode to observe the wear and topography evolution of 
contacting surfaces. It was possible to accurately observe the differences between the 
consecutive scans of the rough discs taken at each interruption point. Each time the 
measurement of the same surface region was taken. The relocation was done by a 
simple manual technique: using an engraver, a mark was made on the disc surface, 
outside the expected wear track area, and the starting point of the scan was chosen 
with respect to the mark. The preview of the surface was saved as a snapshot image 
(Figure 4−15a). The scan had a size of 1.1×2.2 mm to ensure that it would contain a 
fragment of the wear track (Figure 4−15b). Therefore, an automatic stitching mode had 
to be used. 
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(a)  (b)  
Figure 4−15. The relocation procedure for a rough disc surface (a) a mark on the 
surface visible in an intensity window, (b) a wear track fragment 
located within the surface scan. 
After the tribotest, the specimen was cleaned and placed on a measuring stage 
again. The area of interest was found using the relocation mark. The preview function 
of the profiler allowed manual adjusting of the specimen position to minimise the 
rotation and shift with respect to the previously saved snapshot. 
The precision of the relocation for the starting point of the scan was found to be 
limited only by the resolution of the preview camera and the minimum step of the 
automated stage. Therefore, the error of one pixel, either as X−Y shift or rotation, was 
observed. Depending on the objective used, one pixel had the size of 487.78 nm or 
898.31 nm. When calculating the wear volume, such error would not have high impact 
on the results and could be easily corrected with adequate fitting routines. However, 
the use of a stitching mode introduced further errors in the overlapping areas of the 
stitched scans (Figure 4−16). These were minimised by a frequent calibration of the 
system. Furthermore, the measurement results were always inspected for stitching 
errors and the scans that contained them were rejected. 
 
Figure 4−16. A stitching error in a WLI topography measurement. 
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The Wyko ±6° tip/tilt stage was not automatic, the amount of tilt was not in any 
way registered and it had to be manually adjusted before each measurement. Although 
the tilt can be numerically removed from the results, it was found to adversely 
influence the roughness parameters. When the initially tilted profile (Figure 4−17b) 
was corrected for tilt (Figure 4−17c), the Rq value was found to be higher than if the 
measurement was taken with negligible tilt (Figure 4−17a). 
 
Figure 4−17. The influence of the tilt correction on the Rq roughness (a) a profile 
taken with negligible tilt of the specimen surface, (b) a profile taken 
with some tilt, (c) a profile from (b) after the tilt removal. 
In WLI, the interfering light beams create so−called fringe patterns, which can be 
used to establish the position of the minimum tilt. With changing vertical position, the 
fringes on a flat rough surface should travel up and down the asperities, uniformly 
over the whole scanned area. If there is a tilt, the fringes will take the form of a band or 
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a line travelling in one direction. It is more difficult to avoid the tilt when scanning 
rough than smooth surfaces. 
It was not possible to take the measurement of exactly the same region of the 
MTM ball surface each time, due to a three−dimensional character of the specimens. As 
the disc can lay flat on the microscope stage or be fixed in an appropriate holder, only 
X and Y coordinates and the rotation in a horizontal plane have to be adjusted. This can 
be easily done manually, with the help of the reference mark and a preview camera. 
However, for the ball the rotation in three dimensions would have to be the same for 
each measurement. As this was not feasible, instead three scans were taken for each 
ball from different points along the wear track. The wear volume and roughness 
parameters were calculated for each scan and averaged. 
The WLI microscope in VSI mode scans the specimen vertically, so the steeper 
the slope, e.g. on the curved specimen such as the MTM ball, the more information is 
lost or incorrect, similarly as for a tilted flat specimen. To get the most reliable 
topography measurement of the wear track, the scan had to be taken from the top 
point of the ball. The fringe patterns on a ball take the form of concentric rings, with 
the centre located at the highest point of the ball. When the top of the specimen was 
found using the intensity image, the ball position and rotation were manually adjusted 
so that the centreline of the wear track would go through that point (Figure 4−18). 
 
Figure 4−18. An interferometric pattern used to find the top point of a ball. 
The AISI 1013 carbon steel balls used in the Study A could not be reliably 
measured using this routine. The wear tracks formed on these specimens were very 
irregular, much wider than the preview area, and not symmetrical (Figure 4−19). Any 
topography measurements made would not be representative of the whole wear track, 
so it was decided that the topography of these specimens would not be examined. 
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Figure 4−19. The wear track on the cs70iso_bo ball. 
4.7. ZDDP film removal with EDTA solution 
Due to a significant difference of the refractive index between the ZDDP film and 
the air, the effect of spurious wear was observed in the results of optical topography 
measurements of surfaces with the ZDDP tribofilms. To avoid it, the film was removed 
using ethylenediaminetetraacetic acid (EDTA) sodium salt solution 
(Topolovec−Miklozic, Forbus et al. 2007). EDTA forms water−soluble coordination 
complexes with most divalent and trivalent metal ions (Figure 4−20) such as Zn(II) and 
Fe(III) cations present in the phosphate glass, which comprises most of the solid−like 
ZDDP tribofilm formed on a steel surface (Martin, Grossiord et al. 2001). 
 
Figure 4−20. A metal−EDTA chelate. 
A droplet of 0.05 molar EDTA sodium salt solution in distilled water was applied 
to the wear track for 1 minute and then removed with a paper tissue. As a result, an 
area where the ZDDP film was present became visibly brighter, which indicated that 
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the film was removed. The application of EDTA on a fresh, non−rubbed steel surface 
for up to 3 minutes caused no visible change in the surface appearance or topography. 
It was reported that a tribofilm in the wear track area was fully removed with 
this method, unless it contained components other than the phosphate glass, in which 
case some patches of the film were still visible on the surface (Topolovec−Miklozic, 
Forbus et al. 2007). The area outside the wear track also became slightly brighter, which 
suggested the presence of a very thin thermal film. As the methods used in the 
assessment of the film removal (AFM, SLIM) could not observe films as thin as 2 nm, 
also a presence of a very thin residual film insoluble in EDTA cannot be excluded. 
4.8. Roughness analysis 
Root mean square roughness parameters, Rq and Sq, were used to characterize the 
surface topography before and after the test. They are amplitude parameters, 
equivalent to a standard deviation in statistics; therefore, they do not provide 
information about the peaks, valleys and spacing of various texture features. 
The Rq roughness was calculated on the basis of a 2D surface profile obtained 
with the Handysurf E−35A stylus profilometer. To remove the waviness, the 
instrument employs a Gaussian phase correcting filter, following ISO specification (ISO 
11562:1996), where the amplitude transmission is calculated according to Equation 4−8. 
Equation 4−8. Amplitude transmission in Gaussian phase correcting filter (ISO 
11562:1996): 
2
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where: 
a2 – amplitude after the cutoff of the applicable wavelength factor [mm−1], 
a0 – original amplitude of the applicable wavelength factor [mm−1], 
λ – applicable wavelength [mm], 
λc – cutoff value [mm], 
 – coefficient;  = 0.4697. 
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The transmission ratio at λ = λc, so after the waviness is removed, λ = 50%. For 
the expected Ra values of 0.1−2 µm, a Gaussian cutoff of 0.8 mm was used, with a 
0.8 mm sampling length and a 4 mm evaluation length. 
The Rq roughness, calculated according to (ISO 4287:1997) is the root mean square 
average between the height deviations and the mean line/surface, taken over the 
evaluation length/area (Equation 4−9). 
Equation 4−9. Rq roughness parameter: 
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

f
i
iq ZZ
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where: 
f – number of data points in the evaluation length, 
Zi –surface height relative to the mean plane, 
Z – mean plane height. 
The Sq roughness parameter was calculated on the basis of a 3D surface 
topography scan taken with the Wyko NT9100 optical profiler. First, the measurement 
results were processed using the Vision software. 
The disc scans were corrected for tilt by fitting a plane. Then the wear track, 
found by comparing the worn surface with the unworn one, was selected for 
roughness analysis. On the basis of so determined wear track location, a corresponding 
area was found for an unworn topography scan, or− for an interrupted test − for each 
consecutive scan. The roughness was then calculated only in these selected areas. The 
curvature of the ball scans had to be removed first by finding the sphere radius and 
correcting the scans accordingly. The wear track area was found and selected for 
roughness calculation. 
A digital high pass filter was applied to selectively suppresses the waviness, 
emphasizing the surface roughness. A Fast Fourier Transform (FFT) mathematically 
removes data that have a spatial frequency above a specified cutoff frequency. Cutoff 
of 4 cycles/mm (0.25 mm wavelength) was chosen to remove the waviness above the 
range of the predicted wear track width, as the calculated Hertzian contact width was 
0.30 mm. 
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Sq is a root mean square roughness evaluated over the complete 3D surface (ISO 
4287:1997), according to Equation 4−10. 
Equation 4−10. Sq roughness parameter: 
 
 

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1 1
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1
  
where: 
η(x,y) – residual surface (the resulting data set after filtering), 
x, y – x and y coordinates of a data point, 
M, N – the number of data points in x and y dimensions of the scan, respectively. 
4.9. Wear volume calculation methods 
The topography data are first transferred to MATLAB, where all the wear 
volume calculations are performed. The wear calculation procedures for smooth 
surfaces were developed by the author of this thesis, whereas the method for the rough 
specimens was provided by Qiang Hao from a partner University of Hannover (Hao, 
Karpinska et al. 2009). 
4.9.1. Wear volume calculation method for a smooth spherical surface 
This method is based on the approach described in (Harris and Krauss 2001). A 
ball specimen is placed under the optical profiler in such way that the centreline of the 
wear track goes through the top point of the ball and the wear track is parallel to the Y 
axis of the scan, as shown before in Figure 4−18. The area outside the wear track is then 
used to fit a sphere, assumed to be an unworn surface (green line in Figure 4−21a). 
Such assumption can be made for the AISI 52100 steel balls because their surface is 
very smooth. Hence, this method cannot be used for the AISI 1013 steel balls whose 
surface is rough and irregular. The wear volume is calculated as the difference between 
the fitted sphere and the worn topography (Figure 4−21b). The results are then 
extrapolated over the whole length of the ball wear track. The accuracy of the method 
was calculated from the measurements carried out for an unworn surface and it was 
±1.0010−4 mm3. 
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Figure 4−21. Wear volume calculation for the sb100uni_bo ball: (a) profiles 
transverse to the wear track: red line – a worn profile, green line – a 
fitted sphere, (b) the difference of surface heights between the fitted 
sphere and the worn surface. 
4.9.2. Wear volume calculation method for a smooth flat surface 
The unworn area of the smooth flat surface is used to fit a plane, assumed to be 
an unworn surface. The height difference between this plane and the worn surface is 
calculated in the wear track area for each measurement point and on this basis the 
wear volume is found (Figure 4−22). The results are then extrapolated over the whole 
length of the disc wear track. The accuracy of the method was calculated from the 
measurements carried out for an unworn surface and it was ±0.4410−4 mm3. 
 
Figure 4−22. Wear volume calculation for the cs70sm_bo smooth disc: the difference 
of surface heights between the fitted plane and the worn area. 
4.9.3. Wear volume calculation method for a rough flat surface  
The wear volume is calculated on the basis of the height difference between the 
initial and the worn surface topographies (Figure 4−23). Even if the measurement 
relocation is done very carefully, some translation and rotation errors can still exist in 
the results. These errors can be corrected by image processing techniques. The 
presented method is not suitable for calculating the wear volume of the initially 
(a) (b)
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smooth surfaces, as it relies on the comparison of the characteristic surface features in 
the areas outside the wear track of both the initial and final topographies. The more 
detailed description of the method can be found in (Hao, Karpinska et al. 2009). 
 
Figure 4−23. Wear volume calculation for the cs70iso_bo rough disc: (a) initial and 
worn topographies, (b) the difference of surface heights in the area 
chosen for wear volume calculation. 
Each time, the topography measurements are taken of the same surface area. To 
calculate the wear volume, the worn and unworn parts are first manually selected in 
each surface scan. The unworn parts are used in all fitting operations, whereas the 
worn parts are a basis of the final calculation of the wear volume. 
To eliminate the tilting error, the worn surface is rotated to an orientation that is 
parallel to the initial surface. The difference of rotation in a horizontal plane between 
both scans is found using a chosen line feature located outside the wear zone and 
present on both surfaces, such as a machining mark. Then, the worn surface is rotated 
accordingly to eliminate the rotation error in this direction. To reconstruct the surface 
topography after the rotation, diverse interpolation methods are implemented. 
An earlier selected unworn part of the scan is used in a cross−correlation 
calculation to find the best fit between the initial and final topographies. The 
translation errors can then be removed by shifting the surfaces to the best fit position. 
Finally, a second iteration is performed to increase the accuracy of the surface 
matching. 
The wear volume is calculated as a topographical difference of both fitted 
surfaces in the worn area. The results are then extrapolated over the whole length of 
the disc wear track, with an assumption that the sampling area is representative of the 
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whole topography. The accuracy of the method was calculated from the measurements 
carried out for an unworn surface and it was ±0.8710−4 mm3.  
The lay of the unidirectional surface roughness changes over the wear track, and 
the wear volume calculated for both transverse and longitudinal areas differs. It is 
recognized that it is not possible to reliably calculate an actual value of the total wear 
volume for a disc of such finish unless the whole disc surface is measured. Therefore, 
the wear volume for the transverse and longitudinal surfaces is recalculated over the 
whole wear track length purely to allow the comparison of the results with the other 
specimens. 
4.10. Summary 
The details of the experimental work have been provided in this chapter, 
including a critical analysis of the testing and measurement procedures involved. The 
choice of the test specimens, lubricants and testing conditions has been explained, with 
the heat treatment of the specimens and the preparation of the surface finish described 
in more detail. The continuous and interrupted test procedures have been presented 
and a system of symbols describing the test conditions has been introduced. 
The use of an optical profilometer in the study of running−in has been explained, 
including a method of precise manual relocation of the measurement to observe the 
evolution of topography in a chosen area of the specimen surface, as well as new 
precise wear volume calculation methods based on 3D topography scans. 
 
The experimental procedures described in this chapter were developed during 
the Study A, which will be discussed in the next chapter. 
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Chapter 5. STUDY A 
In the Study A, specimens with a large hardness difference of over 550HV were 
tested in a “disc harder than a ball” configuration, to study the influence of the ZDDP 
additive on running−in under the conditions likely to promote micropitting. Although 
a softer ball was expected to wear more than a disc, quite an opposite behaviour was 
observed. In this chapter, the detailed description of the observations made is given, 
followed by an attempt to identify the reasons behind the unusual behaviour. 
5.1. Results 
5.1.1. Tests carried out 
The rolling/sliding tests were carried out under the set conditions of 2 m/s mean 
speed, 5% slide/roll ratio, 70°C and 50 N applied normal load (maximum Hertzian 
contact pressure 1.08 GPa). An API Group I mineral oil with or without 1% wt. 
secondary ZDDP was used as a lubricant. At the testing temperature, the dynamic 
viscosity was 5.16×10−3 Pa·s for the base oil and 5.28×10−3 Pa·s for the oil with 1% wt. 
ZDDP. AISI 1013 carbon steel balls and AISI 52100 steel discs with isotropic and 
smooth finish were used. 
The following MTM tests were run: 150−minute continuous tests, 150−minute 
interrupted tests for observation of the topography evolution and 240−minute 
interrupted tests with Stribeck curves. Table 5−1 summarises the types of results 
obtained. 
In all tests, regardless of the presence of the additive, a substantial amount of 
black wear debris was observed. The surface of the disc wear track was shiny and 
polished, whereas that of the ball was black, smooth and of irregular width. The ball 
wear track shape and topography suggested plastic deformation type of damage. On 
visual inspection, the specimens and debris did not show any substantial differences 
between the base oil and ZDDP tests. 
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Table 5−1. Results obtained for each set of specimens.  − done, empty cell − 
not done. 
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5.1.2. Tribotest results 
Friction curves obtained during the 150−minute continuous tests generally 
followed the same shape, with a sharp initial drop of the coefficient of friction 
(Figure 5−1). However, for the base oil the friction did not stabilise completely in the 
test time, fluctuating slightly just below 0.05. For ZDDP, it stabilized on the level of 
0.05. It is normally expected that the ZDDP tribofilm formation causes an increase of 
the coefficient of friction, with a steady−state value of around 0.1. No such effect was 
observed here, which suggests that the ZDDP film was not formed. 
 
Figure 5−1. Friction curves for the cs70iso_bo and cs70iso_zddp continuous tests, 
indicating no significant difference between the tests. 
Interrupted tests with Stribeck curves were carried out for the isotropic and 
smooth MTM discs. Figure 5−2 and Figure 5−3 show Stribeck and ECR% curves for the 
0.04
0.05
0.06
0.07
0.08
0.09
0.1
0.11
0 15 30 45 60 75 90 105 120 135 150
F
ri
c
ti
o
n
 c
o
e
ff
ic
ie
n
t
Time [min]
1% ZDDP
base oil
A. KARPINSKA CHAPTER 5 STUDY A 
Page 138 
 
tests carried out with the discs of isotropic finish. No clear difference was observed 
between the Stribeck curve sets obtained for the cs70iso_bo and cs70iso_zddp tests 
(Figure 5−2). In both cases, the coefficient of friction slightly decreased with time, but 
no transition of the lubrication regime in time was observed. The results indicate that 
the system was in mixed to boundary regime for lower speeds, and mixed to EHL 
regime for higher speeds. 
 
Figure 5−2. Stribeck curves for the (a) cs70iso_bo and (b) cs70iso_zddp tests 
recorded at certain time intervals during the test. 
 
Figure 5−3. ECR% curves for the (a) cs70iso_bo and (b) cs70iso_zddp tests recorded 
at certain time intervals during the test. 
During the Stribeck curve step, the measurements were taken at decreasing 
speeds, so from the right to the left of the figure. In the cs70iso_zddp test, the ECR% 
gradually increased during the first Stribeck step (Figure 5−3b) and the subsequent 
curves indicated 100% ECR after about 5 minutes of rubbing. For the cs70iso_bo, the 
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ECR% curves were similar to those for the cs70iso_zddp test, but only for speeds higher 
than 1 m/s (Figure 5−3a). At lower speeds, the ECR% dropped during the first few 
Stribeck steps, until higher values were achieved after about 4 minutes. However, for 
the lowest speeds the value of ECR% never reached 100%. 
To study the influence of the surface finish on the system behaviour, interrupted 
tests with Stribeck curves were also carried out for the discs of smooth finish. The black 
debris, as well as the ball and disc wear track appearance were similar to those 
observed for isotropic discs. Figure 5−4 and Figure 5−5 show Stribeck and ECR% 
curves for the cs70sm_bo and cs70sm_zddp tests. The Stribeck curves showed a small 
increase of the coefficient of friction with time (Figure 5−4). Otherwise, they were very 
similar to those for cs70iso_bo and cs70iso_zddp tests. 100% ECR was not achieved 
within the test time, regardless of the presence of the additive (Figure 5−5). With 
decreasing entrainment speed, ECR% also decreased, especially in the case of a 
cs70sm_zddp test. However, when the ZDDP additive was present, ECR% was slightly 
higher for the lowest than for the intermediate speeds. 
The visual observations, as well as the friction and ECR% results for both smooth 
and isotropic finish seemed confusing and inconsistent, as large variations of ECR% 
and significant amount of wear observed were not reflected in friction results 
presented in the form of Stribeck curves. To give any explanation of the observed 
behaviour, further investigation of the specimens had to be carried out. 
 
Figure 5−4. Stribeck curves for the (a) cs70sm_bo and (b) cs70sm_zddp tests 
recorded at certain time intervals during the test. 
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Figure 5−5. ECR% curves for the (a) cs70sm_bo and (b) cs70sm_zddp tests recorded 
at certain time intervals during the test. 
5.1.3. Wear debris examination 
In all tests, black wear debris was observed around the ball and disc wear tracks 
(Figure 5−6), and was entirely removed by cleaning in an ultrasonic bath. The visual 
inspection of the specimens during interrupted tests suggested that the debris was 
produced throughout the test, in decreasing quantity. No considerable difference was 
observed in its amount and appearance between the base oil and ZDDP tests. 
 
Figure 5−6. Wear debris observed on the disc (top) and ball (bottom) specimens 
after a cs70iso_zddp continuous test. Photographic and optical 
microscopic images. 
The wear debris was collected from specimen surfaces after a continuous 
cs70iso_zddp test to study their morphology and chemical composition. The specimens 
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were immersed in toluene and placed in an ultrasonic bath for 2 minutes to remove all 
debris from their surfaces. The wear particles were separated from toluene by filtering 
and then suspended in acetone. When a magnetic stirrer was used to accelerate the 
evaporation of the excess acetone, it was observed that most of the debris followed the 
rotating magnetic field, suggesting that the particles were mostly ferromagnetic. 
A drop of the debris suspension in acetone was deposited on a carbon−based 
grid, and, after the solvent evaporated, it was placed in an SEM vacuum chamber. A 
high resolution Field Emission Gun Scanning Electron Microscope (FEG−SEM) Leo 
Gemini 1525 was used. It was fitted with Oxford Instruments INCA Energy Dispersive 
X−Ray Spectrometer (EDS). 
When the sample was first placed in the SEM chamber, the obtained images were 
dark, due to the non−conductive nature of the material. Therefore, to enable the SEM 
imaging, the sample was sputtered with a thin layer of gold. Flaky wear particles of 
various sizes of maximum 10−15 µm were observed (Figure 5−7). 
 
Figure 5−7. SEM micrographs of the wear debris collected from a cs70iso_zddp 
continuous test. 
Figure 5−8 shows three EDS spectra typical of the three types of particles found 
in the sample: organic, oxide and metallic, as well as the grid composition (before gold 
sputtering). The measurements were carried out in the areas indicated in Figure 5−7, 
and, for reference, the energies of the X−ray emission lines for the detected elements 
are listed in Table 5−2. The presence of Au, C and O came largely from the gold 
coating and the grid. 
Spectrum 1
Spectrum 2
Spectrum 3
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Figure 5−8. EDS spectra for the grid and chosen wear particles indicated in 
Figure 5−7. 
Table 5−2. Photon energies (in keV) of the principal K−, L−, and M−shell X−ray 
emission lines for the elements found in the spectra presented in 
Figure 5−8. Underlined: values of the peaks observed here. 
Element  K1  K2  K1  L1  L2  L1  L2  L1  M1  
6 C  0.28         
8 O  0.52         
14 Si  1.74 1.74 1.84       
26 Fe  6.40 6.40 7.06 0.71 0.71 0.72    
28 Ni  7.48 7.46 8.26 0.85 0.85 0.87    
79 Au  68.80 66.99 77.98 9.71 9.63 11.44 11.58 13.38 2.12 
 
Some large particles composed of only C and O were found (Figure 5−8 
Spectrum 1). For another type of particle, a lower peak of C and a higher one of O were 
observed, with a pronounced Fe peak and a small Si peak (Figure 5−8 Spectrum 2). 
Additionally, Spectrum 3 (Figure 5−8) indicated a metallic particle, with the same 
peaks of C and Fe as observed for Spectrum 2, but no peak of O and some indication of 
keV
keV keV
keV
grid
C
O
Spectrum 1
an organic particle
Spectrum 3
a metallic particle
Spectrum 2
an oxide particle
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Ni. The values shown in Table 5−2 indicate that the peak observed at about 0.7 keV, 
together with an Fe peak, was incorrectly interpreted as Ni by the EDS software. 
However, the smaller Ni peak at about 0.85 keV appears to be correct. Moreover, no 
elements characteristic of ZDDP, such as Zn, P or S, were detected. 
Further study of the chemical composition of the debris was carried out with an 
EDS−equipped Transmission Electron Microscope (TEM). The wear particles were 
collected as previously, and deposited on a copper grid. A JEOL 2000FX TEM was 
used, equipped with Oxford Instruments ultra−thin window EDS, able to determine 
nano−scale chemical variations in a sample. It combines high resolution imaging 
(0.23 nm point resolution) with analytical capabilities. 
Due to the nature of the TEM measurement, it was difficult to discern individual 
wear particles; however, their size was estimated to be in the range of some µm 
(Figure 5−9). The spectra from the EDS analysis of the grid, as well as the A and B areas 
shown in Figure 5−9, are presented in Figure 5−10. The energies of the X−ray emission 
lines for the elements found are listed for reference in Table 5−3. The chemical analysis 
of the grid indicated the presence of Cu, C, O and Si. Both A and B spectra additionally 
contained Fe and S, present in both AISI 52100 and AISI 1013 steels and in ZDDP, Cr 
found in AISI 52100 steel only, as well as Zn, most likely from ZDDP. Additionally, 
Mn, also a component of both steels, was detected in Spectrum B. 
 
Figure 5−9. A TEM micrograph of the wear debris collected from a cs70iso_zddp 
continuous test. 
B
A
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Figure 5−10. EDS spectra for the grid and chosen wear particles indicated in 
Figure 5−9. 
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Table 5−3. Photon energies (in keV) of the principal K−, L−, and M−shell X−ray 
emission lines for the elements found in the spectra presented in 
Figure 5−10. Underlined: values of the peaks observed here. 
Element  K1  K2  K1  L1  L2  L1  
6 C  0.28      
8 O  0.52      
14 Si  1.74 1.74 1.84    
16 S 2.31 2.31 2.47    
24 Cr 5.41 5.41 5.95 0.57 0.57 0.58 
25 Mn 5.90 5.89 6.50 0.64 0.64 0.65 
26 Fe  6.40 6.40 7.06 0.71 0.71 0.72 
29 Cu 8.05 8.03 8.91 0.93 0.93 0.95 
30 Zn 8.64 8.62 9.57 1.01 1.01 1.03 
5.1.4. Disc surface examination 
The surface of the disc wear track seemed smoother, of lighter colour and more 
shiny than the unworn surface (Figure 5−11). The width of the wear track increased 
with time, and more so when the ZDDP additive was present in the lubricant. 
 
Figure 5−11. Optical microscopic images of the disc wear tracks for the cs70iso_bo 
(left) and cs70iso_zddp (right) continuous tests. 
The Wyko NT9100 Optical Profiler was used to take a topography scan of the 
disc wear track at each stopping point of the interrupted test. Each time, the 
after 2 min
after 150 min
1% ZDDPbase oil
100 µm 100 µm 
100 µm 100 µm 
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measurement of the same area of the surface was taken to observe the evolution of the 
surface topography with time. Figure 5−12 shows the comparison of the initial and 
worn surfaces after the cs70iso_bo and cs70iso_zddp continuous tests. Similarly as was 
observed on the optical microscopic images, the wear track of the disc from a ZDDP 
test seemed wider and deeper than that from a base oil test. The original roughness 
was mostly removed, with only some deeper machining marks still visible.  
 
Figure 5−12. Topography scans of the disc wear tracks for the cs70iso_bo (top) and 
cs70iso_zddp (bottom) interrupted tests: (a) before the test and (b) after 
150 minutes of rubbing. 
The wear tracks were examined with a Scanning Electron Microscope to study 
the surface damage on a finer scale. Hitachi S3400−N variable pressure SEM in high 
vacuum operation mode was used, fitted with Oxford Instruments Inca 350 with 
X−1xct liquid nitrogen free detector and a tungsten electron source. The setup ensured 
secondary electron resolution of 3.0 nm at 30 kV and 10 nm at 3 kV. The instrument 
was not equipped with EDS, so the chemical analysis of the disc surface was not 
carried out. 
The SEM images confirmed the extensive wear and smoothing of the wear track 
surface in both cs70iso_bo and cs70iso_zddp continuous tests (Figure 5−13). The 
micrographs were taken at 15.0 kV, so at this relatively high accelerating voltage the 
interaction volume of the material could reach up to 1 µm underneath the surface, with 
most of the information originating from around 0−0.5 µm depth. Some residual 
roughness valleys and machining marks could be seen in the wear track area, but the 
original surface roughness was largely removed. 
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Figure 5−13. SEM micrographs of the disc wear track edges, taken at 15.0 kV after 
the continuous (a) cs70iso_bo and (b) cs70iso_zddp tests. Left side of 
each image: the unworn surface, right: the wear track area. 
Additionally, numerous crack−like features of flaky appearance were found 
(Figure 5−14a and b). On the cs70iso_bo disc the flaky features surrounded deeper pits 
(Figure 5−14a), whereas for cs70iso_zddp such pits were not visible (Figure 5−14b). 
Some evidence of these features could be also found in the smoother areas of the wear 
track, along with fine round indents of less than 0.5 µm diameter (Figure 5−14c and d). 
 
Figure 5−14. SEM micrographs of the disc wear track details, taken at 15.0 kV after 
the continuous (a,c) cs70iso_bo and (b,d) cs70iso_zddp tests. 
The surface topography of the disc was measured with the Handysurf before 
rubbing and after every time step of the interrupted test. Figure 5−15 shows the surface 
(a) (b)
Base oil 1% ZDDP
(a) (b)
(c) (d)
Base oil 1% ZDDP
Base oil 1% ZDDP
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profiles taken across the wear track during the cs70iso_bo and cs70iso_zddp tests. As the 
Handysurf setup did not allow precise measurement relocation, the consecutive 
profiles were taken in approximately, but not exactly, the same area. In both cases, the 
smoothing of the disc surface during running−in was observed, and the wear track 
became wider and smoother. 
 
Figure 5−15. Surface profiles taken across the disc wear tracks at each stopping 
point during the cs70iso_bo and cs70iso_zddp interrupted tests. 
As the consecutive profiles did not correspond to exactly the same area of the 
surface, it was difficult to establish the precise location of the wear track, especially in 
the first stages of the test. Moreover, it was not clear how representative each profile 
was of the surface topography evolution observed over the whole wear track length. 
Nevertheless, for each profile, the approximate worn part was selected and an Rq 
roughness parameter calculated (Figure 5−16). Even though the initial roughness for 
the cs70iso_zddp disc was slightly higher than that for cs70iso_bo, the final Rq roughness 
was the same for both tests. 
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Figure 5−16. The Rq roughness of the discs measured during the (a) cs70iso_bo and 
(b) cs70iso_zddp interrupted tests, indicating no significant difference 
between the tests. 
To obtain more detailed information about the evolution of the surface 
topography, as well as the wear progression throughout the test, another set of 
interrupted tests was carried out and the topography was measured with the Wyko 
NT9100 Optical Profiler. 
The discs from ZDDP tests were measured before and after the EDTA treatment, 
which is used to remove the ZDDP tribofilm from the surface, and no noticeable 
difference was observed between the two results. To establish whether the film 
removal from the surface was necessary, the wear volume calculation was carried out 
for the disc from cs70sm_zddp interrupted test with Stribeck curves. The apparent wear 
volume calculated after the test, when the tribofilm should have been present on the 
surface, was 446×10−4 mm3, whereas after the EDTA treatment the real wear volume 
was 437×10−4 mm3. The difference of 9×10−4 mm3 between the apparent and the real 
wear volume was within the same range as that observed for the discs from the tests 
with AISI 52100 balls (5 − 25×10−4 mm3), described later in the results of the Study B, so 
it corresponded to a typical ZDDP tribofilm. The difference of the final Sq roughness 
between the treated and non−treated wear track surfaces was about 0.02 µm, with Sq 
values of 0.28 µm and 0.26 µm, respectively (Figure 5−17). Although the spurious wear 
effect was observed on the disc surface, the consequent wear volume measurement 
error constituted only about 2% of the total wear volume. Therefore, it was decided 
that WLI topography measurements will be carried out at each stopping point of the 
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interrupted test without removing the film with EDTA. Nevertheless, the influence of 
the ZDDP film on the Sq roughness was also observed, and the possibility of an error of 
around 0.02 µm in the Sq results was taken into account in the interpretation of the 
results. 
 
Figure 5−17. The wear track of the disc after a cs70sm_zddp test with Stribeck 
curves (a) after the tribotest, (b) after EDTA treatment. 
The roughness curves showing the change of the Sq parameter with time 
(Figure 5−18) exhibited the same tendency as those for the Rq change with time 
(Figure 5−16). Furthermore, the final surface roughness in both tests was again found 
to be very similar, especially if the potential influence of the presence of a ZDDP film 
was taken into account, although the initial Sq for cs70iso_zddp was higher than for 
cs70iso_bo (Figure 5−18). 
 
Figure 5−18. The Sq roughness of the discs measured during the (a) cs70iso_bo and 
(b) cs70iso_zddp interrupted tests, indicating no significant difference 
between the tests. 
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The calculation of wear volume on the basis of WLI surface scans was carried out 
for each stopping point. It was observed that the initial, running−in rate of wear was 
higher for the cs70iso_zddp than for the cs70iso_bo test. As a result, the final wear 
volume was lower for the base oil test, even though the steady−state wear rate was 
approximately the same for both (Figure 5−19). 
 
Figure 5−19. The wear volume of the wear tracks of the discs in the cs70iso_bo and 
cs70iso_zddp interrupted tests. 
The wear volume in each interruption point was higher when the additive was 
present in the oil. Furthermore, the total wear volume was calculated for the disc 
surfaces from both cs70sm_bo and cs70sm_zddp tests with Stribeck curves, and a 
comparison was made with the results obtained for the discs with isotropic finish 
(Table 5−4). It can be seen that for the smooth discs the difference between the results 
for the base oil and the ZDDP tests was even higher than for the isotropic discs. 
Table 5−4. Total wear volume of the examined discs [×10−4mm3]. No EDTA 
treatment was applied. 
Testing procedure Test symbol 
Total wear volume 
[×10−4mm3] 
Interrupted with 
topography measurement 
cs70iso_bo 204×10−4 
cs70iso_zddp 304×10−4 
   
Interrupted with Stribeck 
curves 
cs70sm_bo 67×10−4 
cs70sm_zddp 446×10−4 
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5.1.5. Ball surface examination 
The appearance of the ball wear track was the same, regardless of the presence of 
the additive in the lubricant. It was black, smoother than the unworn area and of 
irregular width (Figure 5−20). Moreover, as a result of rubbing, the ball surface in the 
wear track area became visibly deformed (Figure 5−21). 
  
Figure 5−20. Optical microscopic images of a ball surface after a cs70iso_bo 
continuous test (a) a wear track, (b) a worn surface detail, (c) an 
unworn surface. 
 
Figure 5−21. A surface profile of a ball, taken across the wear track after a 
cs70sm_bo interrupted test with Stribeck curves. 
The wear track area after EDTA treatment did not differ visually from that before 
the treatment (Figure 5−22). However, it was impossible to apply the developed 
method of wear calculation to the rough ball surface to confirm this observation. Due 
to the deformation of the ball surface and the irregular wear track width, any 
Error! Reference source not found. and Error! Reference source not found. 
show icroscopic images taken of the hard and soft balls tested with base oil. 
  
(a) 
(b) (c) 
50 µm 
10 µm 10 µm 
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topography measurements, as well as the roughness or wear volume calculation 
results, would not be representative of the whole wear track area. Therefore, it was 
decided that the change of roughness and wear of these specimens would not be 
studied. 
 
Figure 5−22. The wear track area of a ball from a cs70sm_zddp interrupted test with 
Stribeck curves (a) after the tribotest, (b) after EDTA treatment. 
To study the surface damage on a finer scale, the wear track of a cs70iso_bo ball 
was examined with the Hitachi S3400−N SEM, the same microscope that was used to 
examine the disc surfaces. Most of the obtained information originated from around 
0−0.2 µm depth for 5.0 kV and 0−0.1 µm for 2 kV. 
The wear track had the same irregular shape as observed under an optical 
microscope. The unworn area was visibly rougher, with some deeper valleys and 
scratches (Figure 5−23a, right), whereas the wear track area was relatively smooth 
(Figure 5−23a, left). A closer inspection of the wear track edge revealed some surface 
cracks (Figure 5−23b). 
 
Figure 5−23. SEM micrographs of a ball after a cs70iso_bo continuous test (a) a wear 
track edge image taken at 2 kV, (b) a wear track edge detail image 
taken at 5 kV. Left side of each image: the wear track area, right: the 
unworn surface. 
(a) with ZDDP film (b) after EDTA
(a) (b)
Base oil 1% ZDDP
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To inspect the near−surface area of the ball with a TEM, a Focused Ion Beam (FIB) 
technique was used to prepare an electron−transparent sample from the ball after a 
cs70iso_zddp continuous test. FEI Strata 200 single−beam FIB system with a focused 
30keV Ga+ ion column was used. It allowed high precision milling, as well as grain 
structure analysis. The specimen surface was coated with platinum to protect it during 
ion−milling. A section less than 100 nm thick was milled out from the wear track area, 
along the direction of rubbing (Figure 5−24). 
 
Figure 5−24. A thin section milled out with FIB from a ball after a cs70iso_zddp 
continuous test. 
During the cut out, a series of ion channelling contrast images of the near−surface 
area were taken to study the microstructure of the material in the wear track. The 
grains near the surface were elongated in the direction of rubbing, while some round 
structures, even close to the surface, showed no evidence of deformation (circled in 
Figure 5−25). Furthermore, no ZDDP tribofilm was found. 
When the tilt of the specimen with respect to the ion beam was changed, the 
contrast of the elongated grains changed, whereas the round structures stayed the 
same. The change of contrast is typical of crystalline material, as each change of the tilt 
angle results in a different orientation of the crystal grains with respect to the ion beam, 
and, consequently, a different intensity of the secondary electron and ion emission (Li 
2008). The darker colour and no change of contrast with tilt are characteristic of 
amorphous structures. However, certain crystalline materials, such as ceramics, 
undergo ion−beam−induced amorphization to a depth of some nanometres, depending 
on the beam energy, and display the same behaviour as amorphous materials when the 
tilt angle is changed (Wang, Wang et al. 1998). 
A. KARPINSKA CHAPTER 5 STUDY A 
Page 155 
 
 
Figure 5−25. Ion channelling contrast tilt images taken at (a) 55°, (b) 50°, (c) 45° tilt. 
A section milled out from a ball after a cs70iso_zddp continuous test. 
The protective platinum film is visible at the top of each image. 
Circled: silicon carbide (SiC) particles. 
The sample was lifted out ex−situ and placed on a copper grid, using an optical 
microscope and a micromanipulator. The study of the chemical composition of chosen 
near−surface structures was then carried out with the same EDS−equipped TEM that 
was used in wear debris examination, JEOL 2000FX TEM. 
TEM images showed the same two types of features as were found with FIB: 
elongated deformed grains and more round, not deformed particles near the surface, 
1 µm
1 µm
1 µm
(a)
(b)
(c)
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which did not show contrast change with tilt in the ion channelling images 
(Figure 5−26).  
   
Figure 5−26. TEM micrographs of a FIB sample prepared from a ball after a 
cs70iso_zddp continuous test. The examples of typical features found 
in the sample are shown: (A) an elongated steel grain, (B) an SiC 
particle, (C) a silicon−rich steel structure, (D) a fragment of a tribofilm. 
The protective platinum film is visible at the top of each image. 
EDS analysis revealed that, in fact, four types of structures could be 
distinguished: 
- elongated steel grains (Figure 5−26A), 
- silicon carbide particles of diameter less than 1 µm (Figure 5−26B), 
- silicon−rich steel structures of diameter less than 1 µm (Figure 5−26C), 
- ZDDP tribofilm (Figure 5−26D). 
The typical spectra for these features, taken in the areas shown in Figure 5−26, as 
well as for the protective platinum layer, are shown in Figure 5−27. Except for the 
tribofilm, which was only found in one location, all the other features were present 
throughout the examined sample. For reference, the energies of the X−ray emission 
lines for the detected elements are listed in Table 5−5. 
The spectrum registered for the protective platinum layer showed mostly the 
presence of Pt, as well as Cu from the copper grid and elements such as Fe, S and C 
from steel (Figure 5−27E). Ga present in other results originated from the ion gun. 
 
0.2 µm
A
C
0.2 µm
B
D
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Figure 5−27. EDS spectra for (A, B, C, D) areas shown in Figure 5−26 and (E) a 
platinum layer.  
Table 5−5. Photon energies (in keV) of the principal K−, L−, and M−shell X−ray 
emission lines for the elements found in the spectra presented in 
Figure 5−27. Underlined: values of the peaks observed here. 
Element  K1  K2  K1  L1  L2  L1  L2  L1  M1  
6 C  0.28         
8 O  0.52         
14 Si  1.74 1.74 1.84       
15 P 2.01 2.01 2.14       
16 S 2.31 2.31 2.47       
25 Mn 5.90 5.89 6.50 0.64 0.64 0.65    
26 Fe  6.40 6.40 7.06 0.71 0.71 0.72    
29 Cu 8.05 8.03 8.91 0.93 0.93 0.95    
30 Zn 8.64 8.62 9.57 1.01 1.01 1.03    
31 Ga 9.25 9.22 10.26 1.10 1.10 1.12    
78 Pt 66.83 65.11 75.75 9.44 9.36 11.07 11.25 12.94 2.05 
keVA B C
keVD E
an elongated 
steel grain
keV
an SiC particle 
keV
a silicon-rich 
steel 
structure
keV
a ZDDP 
film
a platinum 
layer
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All the examined spectra contained carbon. In the chemical analysis of the 
deformed elongated grains, a predominant presence of Fe and Mn was detected, with 
small peaks of S and Si (Figure 5−27A), thus confirming that these features were grains 
of the AISI 1013 steel. The round structures were found to contain either mostly Si, 
with smaller peaks of Fe, O and S (Figure 5−27B), or mostly Fe and Mn, with strong Si 
presence and some O and S detected as well (Figure 5−27C). It was concluded that the 
former were SiC particles, which would also explain their behaviour observed in FIB. 
The latter structures might be smaller SiC particles embedded in steel. As EDS takes 
measurement of a certain volume of the material, it is possible that the measured 
volume contained both steel and SiC, resulting in such spectrum as shown in 
Figure 5−27C. At one location along the sample edge, at the top of the original wear 
track surface, a feature of about 0.07−0.13 µm thickness and 1 µm length resembling a 
tribofilm was found. It contained elements such as Zn, P and S, characteristic of ZDDP 
(Figure 5−27D). Additionally, a strong Fe peak and some peaks of O and Si were 
observed, indicating that the measured volume of the material contained both steel and 
ZDDP. 
5.2. Discussion 
Working hypothesis 
It was concluded that the silicon−rich structures found in the near−surface area of 
the mild steel specimen were most likely silicon carbide (SiC) particles embedded in 
the soft steel surface as a result of the machining process. SiC is an extremely hard and 
wear resistant abrasive, with Vickers hardness normally around 2800HV. The presence 
of embedded SiC particles could explain unexpected high wear of AISI 52100 steel disc 
surface, as well as the failure of ZDDP anti−wear protection.  
Predicted behaviour 
The minimum EHD film thickness, calculated from a Dowson and Hamrock 
equation for elliptical contact of smooth surfaces, was 45.0 nm for the base oil and 
45.7 nm for the oil with 1% wt. ZDDP. These values were much lower than the surface 
roughness of the rough specimens (disc: 240 ± 20 nm, ball: 130 ± 50 nm), indicating that 
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the system should initially operate in the boundary lubrication regime. Most of the 
researchers testing similar configurations of specimens have reported considerable 
changes (wear, change of roughness) of the softer surface, which would acquire the 
characteristics of the harder surface (Ostvik R. 1968−1969; Rowe, Kaliszer et al. 1975; 
Svahn 2006). Usually, little or no change occurred on the harder surface, also when it 
was smoother (Wang, Wong et al. 2000a). Therefore, it was expected that a ball 
specimen, significantly softer than a rough disc, would experience a high amount of 
wear, and a transition from boundary to mixed or EHL regime would take place. 
Wear and roughness change 
Contrary to what was expected, in both base oil and ZDDP tests substantial wear 
and change of roughness of the harder surface and deformation of the softer specimen 
were observed. The roughness of the isotropic disc decreased rapidly at the beginning 
of the test, and the presence of ZDDP did not affect its final value. 
Furthermore, a large amount of black wear debris was produced throughout the 
tests in a quantity decreasing with time. These were mostly oxidised and non−oxidised 
metallic wear particles, of flaky shape and size of some micrometers. Additionally, 
some organic particles and traces of Ni were found, most likely contaminants or 
fragments detached from the grid during sample preparation.  
The initial wear rate and total wear volume were higher for ZDDP than for base 
oil, although the steady−state wear rate was the same in both cases. The observed 
difference was even higher for the discs with a smooth finish compared to discs with 
isotropic finish. Such results were not expected, since a ZDDP film, if formed, should 
protect the surface from wear. It was decided that the tribofilm would not be removed 
from the disc before the WLI topography measurements, as the observed effect of 
spurious wear was negligible in comparison with the scale of wear. 
 It is hypothesised that the dominant wear mechanism for the disc was abrasive 
wear by SiC particles, followed by wear debris deformation and oxidation in the 
contact, causing smoothing of the surface. However, some questions remain open, such 
as why higher wear was observed in the presence of ZDDP, whether or not the 
AISI 1013 steel ball specimens were worn, and what was the extent of this wear. 
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Friction 
One would expect a high reduction of the surface roughness to result in a change 
in lubrication regime. However, the registered Stribeck curves showed no transition of 
lubrication regime in any of the tests and the coefficient of friction was relatively low 
for all tested conditions (Figure 5−2 and Figure 5−4). The system was in the mixed 
regime for lower speeds, and EHL to full film regime for higher speeds, regardless of 
the additive presence, surface finish of the disc or rubbing time. However, in the 
corresponding continuous tests a sharp drop of the coefficient of friction was observed 
in the first 5 minutes of rubbing (Figure 5−1). 
In a Stribeck test, only sliding friction is measured, whereas the measurements 
taken in continuous tests contain both rolling and sliding friction. Friction force can be 
considered as a sum of two components: adhesive friction and deformation friction 
(Bowden and Tabor 1950). If it is assumed that sliding friction is predominantly 
dependant on adhesion and rolling friction on deformation, then the initial high 
coefficient of friction during continuous tests can be attributed to a high amount of 
plastic deformation in the soft surface. As running−in proceeds, a decrease of rolling 
friction is observed, possibly as a result of shakedown. Such explanation is also 
consistent with the fact that the initial friction drop was observed for both base oil and 
ZDDP tests. 
ZDDP tribofilm 
An evidence of a ZDDP tribofilm was found with a TEM technique on a 
FIB−prepared section of an AISI 1013 steel ball. EDS analysis of a patch of 0.07−0.13 µm 
thickness and 1 µm length confirmed that it contained Zn, P and S. Additionally, the 
spurious wear effect was observed in the WLI topography measurement results of a 
disc on a similar scale as is characteristic of surfaces with ZDDP film of over 100 nm 
average thickness. The observation based on WLI can be treated only as a speculation, 
as no other evidence of the tribofilm was found. 
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Electrical contact resistance 
Unlike the Stribeck curves (Figure 5−2 and Figure 5−4), the registered ECR% 
curves differed depending on the presence of ZDDP (Figure 5−3 and Figure 5−5). For 
discs of isotropic finish, ECR% curves were similar for base oil and ZDDP in higher 
speeds, suggesting a predominant influence of the lubricant, whereas in lower speeds 
the observed behaviour differed, implying surface−related differences between the two 
tests (Figure 5−3). However, the curves obtained for smooth disc specimens did not 
show such trends and, unlike for isotropic finish, 100% ECR was not achieved 
(Figure 5−5). Therefore, it was not possible to conclude what processes might have 
been responsible for the registered ECR% variations. Thus, the friction and ECR% 
results did not correspond with each other and the former did not provide any further 
explanation of the observed wear behaviour. 
Disc roughness 
The values of the Sq roughness of the discs were considerably higher than the Rq 
values, even though they both represent root mean square roughness. This might have 
been caused by a larger sampling area in optical measurement, filtering of high 
frequency roughness in stylus profilometry or different filtering methods employed. 
Hypothesis evaluation 
The hypothesis proposed at the beginning of this section has not been fully 
confirmed. Only one FIB specimen of less than 10 µm length taken from a ball surface 
was examined for the presence of silicon carbide; therefore, no quantitative assessment 
of the amount of embedded particles could be given. However, no other explanation of 
the unusual results was found. 
5.3. Conclusions 
In the Study A, specimens with a large hardness difference of over 550HV were 
tested in a “disc harder than a ball” combination. A series of rolling/sliding tests were 
carried out to investigate the influence of a ZDDP anti−wear additive on wear, friction 
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and changes of surface roughness during running−in. Also, the procedures for 
tribotesting and specimen examination, used also in the Study B, were developed. 
An unexpected wear and friction behaviour was observed, attributed mostly to 
the presence of silicon carbide particles embedded in the surface of the ball specimen. 
Although not all observations were explained within this study, it was decided that 
further investigation does not comply with the objectives of this thesis. Therefore, the 
AISI 1013 carbon steel balls were considered as inappropriate for further testing. It was 
then decided that to achieve a “disc harder than a ball” specimen combination, 
standard AISI 52100 steel MTM balls tempered to the desired hardness will be used 
instead. 
 
The results for the tempered specimens, as well as for the standard fully 
hardened MTM balls will be presented in the next chapter. 
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Chapter 6. STUDY B – RESULTS 
In the Study B, specimens with a small hardness difference of 80−120HV were 
tested in both “disc harder than a ball” and “ball harder than a disc” configurations, to 
study the influence of the ZDDP additive on running−in under conditions likely to 
promote micropitting and observe the evolution of the rough surface with time.  
In this chapter, the results of the tribotests are presented, including friction, 
electrical contact resistance, wear volume and roughness change of the examined 
specimens, as well as the growth of the ZDDP tribofilm with time. Additionally, the 
phenomenon of spurious wear present in the optical topography scans of surfaces with 
ZDDP films is studied with both WLI scanning and confocal microscopes. The 
application of a gold deposition technique to avoid this effect is assessed for a rough 
flat surface. 
6.1. Tests carried out 
Symbols are used to state which specimens and conditions were used in each test 
(Table 4−12). Table 6−1 lists all the results that will be presented in this chapter. 
6.2. Visual observations 
No debris was visible with the naked eye in any of the tests. Figure 6−1 shows 
example optical images of the disc wear tracks obtained with the Wyko NT9100 in 
preview mode. The wear tracks from the base oil tests with fully hardened balls (hb) 
were of brownish grey colour (Figure 6−1a and Figure 6−1b), and no obvious change of 
colour of the lubricant was observed. When the tempered balls were used (sb), the disc 
wear tracks from the base oil tests were shiny metallic in the central area (Figure 6−1c), 
and the lubricant turned visibly darker after 240 minutes of testing. For ZDDP, 
regardless of the counterface type, the wear track had the same grey metallic colour as 
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the unworn surface, but darker, and the oil appearance seemed unchanged 
(Figure 6−1d). 
Table 6−1. Results obtained for each set of conditions.  − done. 
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hb70sm_bo/zddp         
hb70iso_bo         
hb70iso_zddp         
hb70uni_bo/zddp         
hb100sm_bo/zddp         
hb100iso_bo         
hb100iso_zddp         
hb100uni_bo         
hb100uni_zddp         
sb100sm_bo/zddp         
sb100iso_bo/zddp         
sb100uni_bo         
sb100uni_zddp         
 
 
Figure 6−1. Optical images from the Wyko NT9100 preview mode of example disc 
wear tracks: (a) hb70iso_bo, (b) hb100uni_bo, (c) sb100uni_bo 
(d) sb100sm_zddp. The lines are a part of the Vision software interface 
and do not have any further significance. 
Figure 6−2 shows example images of the ball wear tracks. In base oil, the wear 
tracks on the fully hardened MTM balls (hb) had a dark grey to brown colour 
100 µm 100 µm
100 µm 100 µm
(a) hb70iso_bo (b) hb100uni_bo
(c) sb100uni_bo (d) sb100sm_zddp
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(Figure 6−2a), whereas on the tempered balls (sb) the dark temper oxide layer was in 
some tests removed to reveal lighter metallic surface (Figure 6−2b). The chemical 
treatment of the surface with EDTA resulted in the tribofilm removal and visible 
difference of the wear track appearance for both tempered (Figure 6−2c−d) and fully 
hardened balls (Figure 6−2e−f). 
 
Figure 6−2. Optical images from the Wyko NT9100 preview mode of example ball 
wear tracks: (a) hb100iso_bo, (b) sb100uni_bo, (c) hb100iso_zddp, 
(d) hb100iso_zddp after EDTA treatment, (e) sb100iso_zddp, 
(f) sb100iso_zddp after EDTA treatment. The lines are a part of the 
Vision software interface and do not have any further significance. 
Figure 6−3 shows optical images of the tribofilm in comparison with the fresh 
surfaces. It forms elongated patches in the direction of rubbing on the smooth ball 
surface (Figure 6−3a), whereas for the rough disc surface, it seems that it is mostly 
found on the crests of asperities (Figure 6−3b). As these are microscopic images, the 
colours are not representative of the actual observed colour of the wear track, which 
was dark grey. 
100 µm 100 µm
100 µm 100 µm
100 µm 100 µm
(a) hb100iso_bo (b) sb100uni_bo
(c) hb100iso_zddp
with ZDDP film
(d) hb100iso_zddp
after EDTA
(e) sb100iso_zddp
with ZDDP film
(f) sb100iso_zddp
after EDTA
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Figure 6−3. Optical microscopic images of ZDDP films formed during an 
hb70iso_zddp test on (a) a ball surface, (b) a disc surface. Unworn 
surfaces of (c) a ball and (d) a disc shown for comparison. 
Observed wear was very low, within the limits of the original roughness of the 
rough specimens (Figure 6−4), and the smooth counterface surface became rougher 
(Figure 6−5). The only exception to this trend were the sb100uni_bo tests, for which 
more severe wear was observed, with original asperities of the rough disc mostly 
removed (Figure 6−6) and the geometry of the ball changed (Figure 6−7). A detailed 
analysis of the wear and roughness evolution will be presented in the further part of 
this chapter. 
 
Figure 6−4. Central line surface profiles showing asperity level wear for an 
hb100uni_bo disc with transverse finish. Green line: initial surface, 
red: worn surface. 
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Figure 6−5. Surface profiles of an hb100uni_bo ball taken across the wear track, 
showing surface roughening. Green line: initial surface, red: worn 
surface. 
(a) (b)  
Figure 6−6. Surface topography of an sb100uni_bo disc with transverse finish in 
the wear track area (a) initial, (b) worn. 
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Figure 6−7. Surface profiles of an sb100uni_bo ball taken across the wear track, 
showing a change of ball geometry due to wear. Green line: initial 
surface, red: worn surface. 
6.3. Spurious wear in optical profilometry results in the presence of a ZDDP 
film 
6.3.1. White Light Interferometry − Wyko NT9100 Optical Profiler 
In this work, the spurious wear observed in WLI results due to the presence of a 
ZDDP film on the surface was found in most of the test results. The topography 
measurements were done with the Wyko NT9100 optical profiler. For all fully 
hardened AISI 52100 steel specimens used in the Study B, regardless of their finish or 
geometry, a large apparent amount of wear was detected when ZDDP film was present 
on the surface, whereas the real wear volume after the EDTA treatment was much 
lower (Karpinska, Olver et al. 2009; Karpinska, Proprentner et al. 2009). This can be 
seen in the example topography scans for a smooth disc, a smooth ball and an isotropic 
disc shown in Figure 6−8, Figure 6−9 and Figure 6−10, respectively. For smooth 
specimens (Figure 6−8 and Figure 6−9), the surface appeared rougher and worn after 
the test, whereas after EDTA treatment only very little wear was observed. Rough 
surfaces, such as discs with isotropic finish used in this study, appeared smoother 
when a ZDDP film was present (Figure 6−10a red curve) than after it was removed 
with EDTA (Figure 6−10b red curve). Sq roughness and wear volume results calculated 
over the whole wear track for the presented examples are shown in Table 6−2. 
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Figure 6−8. A surface of a smooth disc with a ZDDP film in the wear track area 
(a) an optical image, (b) a WLI measurement, and after film removal 
(c) an optical image, (d) a WLI measurement. The lines are a part of the 
Vision software interface and do not have any further significance. 
 
Figure 6−9. A surface of a smooth fully hardened AISI 52100 ball with a ZDDP 
film in the wear track area (a) a profile across the wear track, (b) a 3D 
WLI scan, and after film removal (c) a profile across the wear track, (d) 
a 3D WLI scan. 
(a) (b)
(c) (d)
with ZDDP film:
after EDTA:
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Figure 6−10. Comparison of the initial and final line profiles taken along the wear 
track of a disc with isotropic finish: (a) with ZDDP film present on the 
surface, (b) after film removal. 
Table 6−2. Wear and Sq roughness results for the presented surfaces before 
and after EDTA treatment. 
Specimen 
 Wear volume 
[×10−4 mm3] 
 
Initial Sq 
roughness 
[µm] 
Final Sq roughness 
[µm] 
 Apparent 
(no EDTA) 
Real 
(EDTA) 
 Apparent 
(no EDTA) 
Real 
(EDTA) 
Smooth disc 
(Figure 6−8) 
 
11.43 1.57 
 
0.01 0.06 0.03 
Smooth ball 
(Figure 6−9) 
 
38.75 11.97 
 
0.01 0.07 0.03 
Rough disc 
(Figure 6−10) 
 
9.33 4.73 
 
0.26 0.21 0.24 
 
The tempered AISI 52100 steel balls, even though the treatment was done in 
vacuum and the specimens were cooled in nitrogen gas atmosphere, had visibly 
darker, bluish colour due to a temper oxide layer present on the surface. As can be seen 
in Figure 6−11a and Figure 6−11b, when the ZDDP film was present on the wear track, 
the specimen surface seemed rough and in some parts elevated with respect to the 
unworn area. The calculated apparent wear volume for the whole wear track was 
5.41×10−4 mm3 and the apparent Sq roughness was 0.10 µm (the initial Sq of the fresh 
surface was 0.02 µm). When the film was removed, some wear could be seen, but the 
elevated area disappeared (Figure 6−11c and Figure 6−11d). The real wear volume after 
EDTA treatment was 11.83×10−4 mm3, and the surface seemed more smooth, with real 
Sq roughness of 0.07 µm. Therefore, the observations for the tempered balls did not 
agree with those for the fully hardened ones. 
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A control measurement was carried out in the unworn area before and after 
applying the EDTA solution to the surface. No visible change in the surface appearance 
or topography was observed for treatment of up to 3 minutes, so EDTA did not affect 
the oxide layer within this time. 
 
Figure 6−11. Surface of a tempered ball with a ZDDP film in the wear track area 
(a) an optical image, (b) a WLI measurement (curvature removed), and 
after the film removal (c) an optical image, (d) a WLI measurement 
(curvature removed). The lines are a part of the Vision software 
interface and do not have any further significance. 
6.3.2. Confocal microscopy − µsurf 
Corresponding measurements were carried out by a collaborator, NanoFocus 
AG, using a confocal microscope µsurf. A steel surface with c.a. 100 nm thick ZDDP 
film was measured with a 20X objective and a low numerical aperture (NA) of 0.45. 
High−NA lenses collect more light and are able to visualize finer details. The Wyko 
NT9100 used in this study and in (Benedet, Green et al. 2009a; Benedet, Green et al. 
2009b) had a similar setup, with NA of 0.40 for a 20X objective. The measurement was 
then repeated after the chemical removal of the ZDDP tribofilm. The comparison of 
both topography scans revealed a substantial amount of wear on the surface with the 
film, which was not observed anymore after the film was removed. 
(a) (b)
(c) (d)
with ZDDP film:
after EDTA:
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However, the same specimen was also measured using a higher numerical 
aperture objectives, 0.8 and higher, but in this case no spurious wear was observed and 
it was not possible to discern any other difference between the topography scans taken 
before and after the film removal. 
6.3.3. WLI measurement of gold−sputtered rough surfaces 
The deposition of a thin layer of gold has been proposed as a method of avoiding 
WLI error when measuring surfaces with ZDDP films (Benedet, Green et al. 2009b). 
However, it was only applied to relatively smooth surfaces and no attempt was made 
to verify the uniformity of the layer. Here, the surfaces with and without ZDDP films 
are measured with WLI before and after gold deposition, and the results are compared 
to establish whether the method is suitable for rough surfaces. 
An sb100uni_zddp continuous test was run and the surface of the disc was cleaned 
with methanol and sputtered with a thin layer of gold. The deposition was carried out 
with 30 mA current for 2 minutes, which should result in a gold layer of about 18 nm 
thickness. The surface topography was measured with the Wyko NT9100 before the 
test and after gold deposition in four areas of the wear track (Figure 6−12). Two areas 
were treated with EDTA before sputtering. 
 
Figure 6−12. Areas scanned before the test and after gold sputtering on a disc from 
an sb100uni_zddp continuous test. 
After gold deposition, the edges of the asperities looked ragged and fuzzy 
(Figure 6−13b and Figure 6−13d) when compared with the surface topographies 
measured without the gold layer (Figure 6−13a and Figure 6−13c), regardless of the 
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ZDDP film presence on the surface. The general topography was preserved, but it 
seemed that the gold layer was not uniform. 
 
Figure 6−13. Surface topographies of the wear track in a T_ZDDP area (a) before 
testing, (b) after sputtering; and T_EDTA area (c) before sputtering, 
(d) after sputtering. 
To investigate the suitability of the method for the calculation of wear volume 
with the method developed for rough surfaces, the volumetric difference was 
calculated between the scans taken before and after gold deposition. The higher this 
difference the less accurate the fit. To avoid the spurious wear effect for the surface 
with the ZDDP film, the scan taken before the tribotest was used.  
For the surface with the ZDDP film present (Figure 6−14a), the difference was 
calculated only in the area outside the wear track. As a reference, the same was done to 
a worn uncoated surface from a base oil test (Figure 6−14b), with a well fitted unworn 
area visible on the left side of the image, and a wear track on the right. The comparison 
of these two images showed that for a gold−sputtered specimen the fit was not 
satisfactory, indicated by dark blue or yellow lines parallel to the roughness lay. 
When the ZDDP film was removed from the surface, the scans taken before and 
after gold sputtering were expected to be very similar. However, the gold−sputtered 
topography showed a very inaccurate fit with the non−sputtered surface, inside and 
outside the wear track (Figure 6−14c). Also, the film−covered area did not visually 
differ from the unworn area. The reference image shows the difference calculated 
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between two separate scans taken consecutively on an uncoated unworn disc 
(Figure 6−14d), where the difference between both topographies is zero or nearly zero 
across the scanned area. 
The calculated differences, expressed as volume per unit area, are summarised in 
Table 6−3. The results for the example surfaces, when extrapolated over the whole 
wear track, are in the range of the claimed accuracy of the method. 
On the basis of visual assessment of the obtained images (Figure 6−14a and 
Figure 6−14c), as well as the comparison of the calculated volumetric difference values 
with those typical of uncoated surfaces Table 6−3, the method of gold sputtering 
appears to be unsuitable for rough surfaces. 
 
Figure 6−14. The topography difference between two scans taken (a) before the test 
and after gold deposition in the L_ZDDP area, (b) before and after the 
tribotest in base oil on an example uncoated disc, (c) before and after 
gold deposition in the T_EDTA area, (d) consecutively on an example 
uncoated unworn disc. 
Table 6−3. The volumetric difference calculated for gold−sputtered disc areas 
and example uncoated discs. 
Surface Image Volumetric difference [µm3/µm2] 
Gold−sputtered disc: L_ZDDP Figure 6−14a 12.05 × 10−3 
Example worn disc Figure 6−14b 3.50 × 10−3 
Gold−sputtered disc: T_EDTA Figure 6−14c 1.65 × 10−3 
Example unworn disc Figure 6−14d 0.91 × 10−3 
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6.4. The influence of a ZDDP anti−wear additive on friction 
The results presented in this section were obtained from continuous tests. It was 
observed that, independently of the test conditions and the specimens used, the curves 
of the coefficient of friction plotted against time had characteristic shapes, different for 
the base oil and the ZDDP tests, and repeatable from test to test. Figure 6−15 shows 
examples of such curves. For base oil, the initial level of friction was high and rapidly 
dropped with rubbing, and then stabilised to achieve a steady−state value. On the 
other hand, in the ZDDP tests the friction was initially not as high, but slowly 
increased and the steady−state coefficient of friction was higher than for base oil. 
Furthermore, the first measured values of coefficient of friction for base oil and ZDDP 
were different. No fluctuation was observed due to the unidirectional topography of 
the disc surface; in fact, the friction curves obtained for the unidirectional finish 
(Figure 6−15a) were even more smooth than some of those for the isotropic finish 
(Figure 6−15b). Moreover, the steady−state coefficient of friction was always higher for 
ZDDP than for base oil (Figure 6−16).  
(a)  
(b)  
Figure 6−15. Friction curves for the continuous tests: (a) hb70uni_bo and 
hb70uni_zddp, (b) hb70iso_bo and hb70iso_zddp. 
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Figure 6−16. The steady−state value of the coefficient of friction for all tests. 
* indicates the values obtained from the last step of an interrupted test 
with Stribeck curves rather than a continuous test. 
6.5. The investigation of transitions in lubrication regime 
Interrupted tests with Stribeck curves were carried out for a range of conditions 
and specimens. In addition to the coefficient of friction, also the electrical contact 
resistance (ECR) was registered during the tests and the results were plotted against 
the entrainment speed as ECR% curves. 
6.5.1. Tests carried out with the discs of smooth finish 
Figure 6−17 and Figure 6−18 show Stribeck and ECR% curves for all base oil tests 
carried out with the discs of smooth finish. 
During running−in, the level of friction increased with time, especially in lower 
speeds and at a higher operating temperature (Figure 6−17). The rate of these changes 
was higher for the sb100sm_bo than for the hb100sm_bo test.; however, the overall 
friction increase was still very low. The values of the coefficient of friction indicated 
that the system was in the elastohydrodynamic regime for higher and in the mixed 
lubrication regime for lower speeds. 
ECR% in all tests reached 100% after 1 minute (Figure 6−18), the slowest in the 
hb70sm_bo test (Figure 6−18a), and the fastest in the sb100sm_bo test (Figure 6−18c). 
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Figure 6−17. Stribeck curves for the (a) hb70sm_bo, (b) hb100sm_bo and 
(c) sb100sm_bo tests recorded at certain time intervals during the test. 
 
Figure 6−18. ECR% curves for the (a) hb70sm_bo, (b) hb100sm_bo and 
(c) sb100sm_bo tests recorded at certain time intervals during the test. 
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Figure 6−19 and Figure 6−20 show Stribeck and ECR% curves for all ZDDP tests 
carried out with the discs of smooth finish. 
An increase of friction with time was observed in all tests (Figure 6−19), but the 
rate of this increase was greater at the higher temperature (Figure 6−19b and 
Figure 6−19c). The steady−state Stribeck curves were in all cases almost identical. The 
system was in the mixed lubrication regime for all speeds. 
The Stribeck and ECR% curves were run from high to low speeds, so the very 
first curve of the hb70sm_zddp test shows that an increase of ECR% took place right at 
the start of the test (Figure 6−20a 0 min). In the tests run at the higher temperature, 
however, the 100% ECR was achieved almost instantly. 
 
 
Figure 6−19. Stribeck curves for the (a) hb70sm_zddp, (b) hb100sm_zddp and 
(c) sb100sm_zddp tests recorded at certain time intervals during the 
test. 
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Figure 6−20. ECR% curves for the (a) hb70sm_zddp, (b) hb100sm_zddp and 
(c) sb100sm_zddp tests recorded at certain time intervals during the 
test. 
 
6.5.2. Tests carried out with the discs of isotropic finish 
Figure 6−21 and Figure 6−22 show Stribeck and ECR% curves for all base oil tests 
carried out with the discs of isotropic finish. 
The friction decreased with time in all tests (Figure 6−21). The lowest overall 
reduction was observed in the hb70iso_bo test (Figure 6−21a), where the coefficient of 
friction continuously decreased to reach a steady state between 60 and 100 minutes of 
testing. In the sb100iso_bo test, it initially increased in the first 2 minutes, and then 
steadily decreased (Figure 6−21b). The highest drop was observed in the hb100iso_bo 
test (Figure 6−21c), where the initial values were very high, well above 0.1 for low 
speeds. The friction dropped rapidly in the first 8 minutes of the test, then increased a 
little in the next 20 minutes, and started falling again to reach the steady state after 
about 100 minutes of testing. The values of the coefficient of friction in the hb70iso_bo 
and sb100iso_bo tests were mostly in a mixed lubrication regime, except for the lowest 
speeds, where a boundary regime could be present. The first two Stribeck curves for 
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the hb100iso_bo test indicated that the system was initially in the boundary and then 
moved to the mixed regime (Figure 6−21b). In the hb70iso_bo and hb100iso_bo tests a 
steady−state level of friction was achieved in the test time, whereas in the sb100iso_bo 
test it did not fully stabilize. 
100% ECR was achieved after the first minute of testing in the hb70iso_bo test 
(Figure 6−22a), whereas for the hb100iso_bo test ECR% was almost 100% after about 60 
minutes, but only in the highest speeds (Figure 6−22b). Figure 6−22c shows that for the 
sb100iso_bo test, 100% ECR was achieved after 4 minutes; however, the initial ECR% 
curve, as well as the one taken after 2 minutes, did not follow the same trend as the 
other curves. 
 
 
Figure 6−21. Stribeck curves for the (a) hb70iso_bo, (b) hb100iso_bo and 
(c) sb100iso_bo tests recorded at certain time intervals during the test. 
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Figure 6−22. ECR% curves for the (a) hb70iso_bo, (b) hb100iso_bo and 
(c) sb100iso_bo tests recorded at certain time intervals during the test. 
 
Figure 6−23 and Figure 6−24 show Stribeck and ECR% curves for all ZDDP tests 
carried out with the discs of isotropic finish. 
When the ZDDP additive was present in the lubricant, an increase of the 
coefficient of friction with time was observed (Figure 6−23). The hb100iso_zddp test 
showed the highest overall increase of friction (Figure 6−23a), but at the lowest rate 
and with the lowest steady−state values. The highest final friction, but the least change 
from the initial state, were observed in the sb100iso_zddp test (Figure 6−23c). Under all 
tested conditions, the friction results indicated a boundary regime in lower and a 
possibly mixed regime in higher speeds. The slopes of the curves were the steepest in 
the sb100is_zddp and the least steep in the hb70iso_zddp test (Figure 6−23). 
In all discussed cases, 100% ECR was achieved after no more than 2 minutes of 
testing (Figure 6−24).  
0
10
20
30
40
50
60
70
80
90
100
0.1 1 10
EC
R
 %
Entrainment speed m/s
0 min
0.5 min
1 min
2 min
4 min
8 min
15 min
30 min
60 min
100 min
150 min
240 min
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.1 1 10
Fr
ic
ti
o
n
 c
o
ef
fi
ci
en
t
Entrainment speed m/s 0.2  5
0 min
0.5 min
1 min
2 min
4 min
8 min
15 min
30 min
60 min
100 min
150 min
240 min
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.1 1 10
Fr
ic
ti
o
n
 c
o
ef
fi
ci
en
t
Entrainment speed m/s 0.2  5
0 min
0.5 min
1 min
2 min
4 min
8 min
15 min
30 min
60 min
100 min
150 min
240 min
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.1 1 10
Fr
ic
ti
o
n
 c
o
ef
fi
ci
en
t
Entrainment speed m/s
0 min
0.5 min
1 min
2 min
4 min
8 min
15 min
30 min
60 min
100 min
150 min
240 min
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.1 1 10
Fr
ic
ti
o
n
 c
o
ef
fi
ci
en
t
Entrainment speed m/s
0 min
0.5 min
1 min
2 min
4 min
8 min
15 min
30 min
60 min
100 min
150 min
240 min
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.1 1 10
Fr
ic
ti
on
 c
oe
ff
ic
ie
nt
Entrain ent speed /s
0 min
0.5 min
1 i
2
4 min
8 min
15 min
30 min
60 in
100 min
150 min
240 min
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.1 1 10
Fr
ic
tio
n 
co
ef
fic
ie
nt
Entrainment speed m/s
0 min
0.5 min
1 min
2 min
4 min
8 min
15 min
30 min
60 min
100 min
150 min
240 min
10
20
30
40
50
60
70
80
90
100
EC
R
 %
 i
.  i
 in
 i
 i
0
10
20
30
40
50
60
70
80
90
100
0.1 1 10
EC
R
 %
Entrainment speed m/s
0 min
0.5 min
1 min
2 min
4 min
8 min
15 min
30 m n
60 min
100 min
150 min
240 min
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.1 1 10
Fr
ic
ti
o
n
 c
o
ef
fi
ci
en
t
Entrainment speed m/s 0.2  5
0 min
0.5 min
1 min
2 min
4 min
8 min
15 min
30 min
60 min
100 min
150 min
240 min
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.1 1 10
Fr
ic
ti
o
n
 c
o
ef
fi
ci
en
t
Entrainment speed m/s 0.2  5
0 min
0.5 min
1 min
2 min
4 min
8 min
15 min
30 min
60 min
100 min
150 min
240 min
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.1 1 10
Fr
ic
ti
o
n
 c
o
ef
fi
ci
en
t
Entrainment speed m/s
0 min
0.5 min
1 min
2 min
4 min
8 min
15 min
30 min
60 min
100 min
150 min
240 min
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.1 1 10
Fr
ic
ti
o
n
 c
o
ef
fi
ci
en
t
Entrainment speed m/s
0 min
0.5 min
1 min
2 min
4 min
8 min
15 min
30 min
60 min
100 min
150 min
240 min
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.1 1 10
Fr
ic
ti
on
 c
oe
ff
ic
ie
nt
Entrain ent speed /s
0 min
0.5 min
1 i
2
4 min
8 min
15 min
30 min
60 in
100 min
150 min
240 min
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.1 1 10
Fr
ic
tio
n 
co
ef
fic
ie
nt
Entrainment speed m/s
0 min
0.5 min
1 min
2 min
4 min
8 min
15 min
30 min
60 min
100 min
150 min
240 min
10
20
30
40
50
60
70
80
90
100
.
EC
R 
%
i   
0
10
20
30
40
50
60
70
80
90
100
0.1 1 10
EC
R
 %
Entrainment speed m/s
0 min
0.5 min
1 min
2 min
4 min
8 min
15 min
30 min
60 min
100 min
150 min
240 min
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.1 1 10
Fr
ic
ti
o
n
 c
o
ef
fi
ci
en
t
Entrainment speed m/s 0.2  5
0 min
0.5 min
1 min
2 min
4 min
8 min
15 min
30 min
60 min
100 min
150 min
240 min
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.1 1 10
Fr
ic
ti
o
n
 c
o
ef
fi
ci
en
t
Entrainment speed m/s 0.2  5
0 min
0.5 min
1 min
2 min
4 min
8 min
15 min
30 min
60 min
100 min
150 min
240 min
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.1 1 10
Fr
ic
ti
o
n
 c
o
ef
fi
ci
en
t
Entrainment speed m/s
0 min
0.5 min
1 min
2 min
4 min
8 min
15 min
30 min
60 min
100 min
150 min
240 min
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.1 1 10
Fr
ic
ti
o
n
 c
o
ef
fi
ci
en
t
Entrainment speed m/s
0 min
0.5 min
1 min
2 min
4 min
8 min
15 min
30 min
60 min
100 min
150 min
240 min
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.1 1 10
Fr
ic
ti
on
 c
oe
ff
ic
ie
nt
Entrain ent speed /s
0 min
0.5 min
1 i
2
4 min
8 min
15 min
30 min
60 in
100 min
150 min
240 min
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.1 1 10
Fr
ic
tio
n 
co
ef
fic
ie
nt
Entrainment speed m/s
0 min
0.5 min
1 min
2 min
4 min
8 min
15 min
30 min
60 min
100 min
150 min
240 min
10
20
30
40
50
60
70
80
90
100
.
EC
R 
%
i   
0
0.02
0.04
0.06
0.08
.
0.12
0.14
0.16
0.1 1 10
Fr
ic
ti
o
n
 c
o
ef
fi
ci
en
t
Entrainment speed m/s
0 min 0.5 min
1 min 2 min
4 min 8 min
15 min 30 min
60 min 100 min
150 min 240 min
(a) hb70iso_bo (b) hb100iso_bo
(c) sb100iso_bo
A. KARPINSKA CHAPTER 6 STUDY B – RESULTS 
Page 182 
 
 
Figure 6−23. Stribeck curves for the (a) hb70iso_zddp, (b) hb100iso_zddp and 
(c) sb100iso_zddp tests recorded at certain time intervals during the 
test. 
 
 Figure 6−24. ECR% curves for the (a) hb70iso_zddp, (b) hb100iso_zddp and 
(c) sb100iso_zddp tests recorded at certain time intervals during the 
test. 
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6.5.3. Tests carried out with the discs of unidirectional finish 
Figure 6−25 and Figure 6−26 show Stribeck and ECR% curves for all base oil tests 
carried out with the discs of unidirectional finish. 
The friction decreased with time in all tests (Figure 6−25). At 70°C, it decreased 
gradually within the mixed lubrication regime, with perhaps boundary regime present 
in the lowest speeds (Figure 6−25a). At 100°C, the initial values of the coefficient of 
friction were very high and dropped rapidly, meaning that the system was initially in 
the boundary lubrication regime and a transition to the mixed regime occurred 
(Figure 6−25b and Figure 6−25c). With the softer counterface, the system needed more 
time to achieve a steady state, especially in lower speeds (Figure 6−25c). 
During the lower temperature test 100% ECR was achieved after 1−2 minutes of 
testing (Figure 6−26a), whereas at the higher temperature − after 60 minutes of testing, 
but only in speeds higher than 1.5 m/s. In lower speeds and for a softer counterface 
only the very final ECR% reading reached nearly 100%, whereas for a harder 
counterface it was still low even after 240 minutes. 
 
Figure 6−25. Stribeck curves for the (a) hb70uni_bo, (b) hb100uni_bo and 
(c) sb100uni_bo tests. 
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Figure 6−26. ECR% curves for the (a) hb70uni_bo, (b) hb100uni_bo and 
(c) sb100uni_bo tests recorded at certain time intervals during the test. 
Figure 6−27 and Figure 6−28 show Stribeck and ECR% curves for all ZDDP tests 
carried out with the discs of unidirectional finish. 
As it was in the case of the smooth and isotropic disc finish, also for the 
unidirectional finish the coefficient of friction increased with time during a ZDDP test 
(Figure 6−27). A change from the initial value was higher in the hb70uni_zddp and 
sb100uni_zddp tests than in the hb100uni_zddp test, but the final coefficient of friction 
and the rate of its increase were higher in both tests carried out at 100°C than in the 
hb70uni_zddp test. The system was in a boundary regime for lower, and possibly in a 
mixed regime for higher speeds. 100% ECR was achieved after not more than a minute 
in all three tests. Additionally, at the lower temperature an initial increase of the ECR% 
reading was observed (Figure 6−28). 
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Figure 6−27. Stribeck curves for the (a) hb70uni_zddp, (b) hb100uni_zddp and 
(c) sb100uni_zddp tests recorded at certain time intervals during the 
test. 
 
Figure 6−28. ECR% curves for the (a) hb70uni_zddp, (b) hb100uni_zddp and 
(c) sb100uni_zddp tests recorded at certain time intervals during the 
test. 
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6.6. Observation of the ZDDP film growth 
The measurements of the ZDDP additive film thickness in the rubbing contact for 
the hb70iso_zddp, hb100iso_zddp and hb100uni_zddp tests were carried out using a spacer 
layer interferometry feature of the MTM tribometer (SLIM). 
Testing conditions ensuring a relatively slow tribofilm growth were chosen to 
better observe the influence of the gradually growing ZDDP film on the system 
response. As the rate of the film growth increases with temperature (Fujita and Spikes 
2004), first tests were performed at a lower temperature of 70°C. 
The interference images obtained for the hb70iso_zddp interrupted SLIM test are 
presented in Figure 6−29. The tribofilm could be seen as a yellow to orange area, the 
thicker the film the darker. A fragment of the unworn area is visible in the top section 
of each image. The ZDDP film was formed only in the contact zone; however, it did not 
uniformly cover the surface and its thickness varied substantially across the examined 
area. The final average tribofilm thickness was only 47 nm, so considerably lower than 
the typically observed films of 100−150 nm (Aktary 2002). This was consistent with the 
widely accepted view that the ZDDP film thickness depends on the temperature, e.g. 
(Fujita and Spikes 2004). 
 
Figure 6−29. A series of interference images taken from the ball wear track area 
during an interrupted hb70iso_zddp SLIM test. 
The friction and ECR% results, presented in the previous section of this thesis, 
indicated that at 70°C no transition of lubrication regime took place during running−in, 
neither for base oil nor ZDDP. Therefore, it was decided for another set of tests at 
100°C to be carried out. In the case of hb100iso_zddp test, a continuous growth of the 
tribofilm was observed, and, as previously, the film was not uniform and it formed 
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bands aligned in the direction of rubbing (Figure 6−30). The film visible in the final 
images, though, was much thicker than that observed for hb70iso_zddp test and its final 
average thickness was found to be 110 nm. 
 
Figure 6−30. A series of interference images taken from the ball wear track area 
during an interrupted hb100iso_zddp SLIM test. 
Calculations of the average ZDDP film thickness were performed for both 
hb70iso_zddp and hb100iso_zddp tests and the results were plotted against the rubbing 
time (Figure 6−31). Both the ZDDP film growth rate and its final thickness after 240 
minutes of rubbing were higher at 100°C than at 70°C, which agreed with the 
observations described in (Fujita and Spikes 2004). Moreover, at the higher 
temperature the film reached its steady−state thickness after about 100 minutes of 
rubbing, whereas at 70°C it did not stabilize within the test time. 
 
Figure 6−31. The growth of the average ZDDP film thickness with rubbing time 
measured during the interrupted hb70iso_zddp and hb100iso_zddp 
SLIM tests. 
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To investigate the influence of the surface finish on the tribofilm formation, an 
hb100uni_zddp test was carried out. Again, the tribofilm was visible as a yellow to 
orange area, getting darker with rubbing time, but in this case it formed small patches 
rather than long bands, and was generally more uniform than the films observed in 
hb70iso_zddp and hb70iso_zddp tests (Figure 6−32). 
 
Figure 6−32. A series of interference images taken from the ball wear track area 
during an interrupted hb100uni_zddp SLIM test. 
The average film thickness was calculated and compared with the results 
obtained for the isotropic finish (Figure 6−33). In hb100uni_zddp test, the ZDDP film 
reached its steady−state thickness after the first 30 minutes. The initial rate of the film 
formation was higher than for the hb100iso_zddp test, although its final thickness of 
about 70 nm was lower. 
 
Figure 6−33. The growth of the average ZDDP film thickness with rubbing time 
measured during the interrupted hb100iso_zddp and hb100uni_zddp 
SLIM tests. 
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6.7. Surface topography evolution during running−in 
6.7.1. Topography evolution in base oil tests 
240−minute interrupted tests were carried out for the following sets of 
conditions: hb70iso_bo, hb100iso_bo, hb100uni_bo and sb100uni_bo. Optical topography 
measurements of the ball and disc wear tracks were made at regular intervals. All tests 
were carried out with base oil, as there was no possibility to obtain reliable WLI results 
in the presence of the ZDDP film on the surface. Moreover, the removal of the film 
would mean that the specimens could not be returned to the tribotest. The wear 
volume at each measurement point was calculated as a difference between the unworn 
and worn topographies, using the previously described calculation methods. 
The hb70iso_bo and hb100iso_bo tests were carried out to study the influence of the 
testing temperature on the changes of the surface topography. The wear and roughness 
results for these tests are presented in Figure 6−34. 
 
Figure 6−34. Sq surface roughness and wear volume in the base oil tests: 
(a) hb70iso_bo, (b) hb100iso_bo. 
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All the examined specimens showed an overall increase of the Sq roughness in 
the wear track area. A decrease of the disc Sq, followed by a sharp rise, occurred within 
the first 2 minutes of the test for both temperatures. Subsequently, at 70°C a further 
slow increase of the Sq to just over 0.25 µm was observed, before it stabilised at about 
0.241 µm. At 100°C the Sq roughness gradually decreased and its final value was 
0.238 µm. Similarly, a sharp initial rise of the ball Sq was observed, more pronounced at 
the higher temperature, followed by a small drop and gradual stabilization. The wear 
volume plotted against time did not follow the same trend as the Sq roughness − it was 
more complex and involved some negative values for all specimens, except for the disc 
in the hb100iso_bo test. The steady−state values of the Sq roughness and wear volume 
for the hb70iso_bo and hb100iso_bo tests are shown in Table 6−4. 
Table 6−4. The final wear and roughness results for the hb70iso_bo and 
hb100iso_bo tests. 
 hb70iso_bo  hb100iso_bo 
Ball Disc  Ball Disc 
Initial Sq [µm] 0.015 0.225  0.015 0.223 
Final Sq [µm] 0.047 0.241  0.080 0.238 
Total Sq change [µm] 0.032 0.016  0.065 0.015 
Total wear volume [×10−4mm3] 11.9 0.78  −11.87 29.14 
 
The wear and roughness results of the hb100uni_bo and sb100uni_bo tests, carried 
out to study the influence of the ball hardness on the changes of surface topography, 
are shown in Figure 6−35. 
In both tests, the Sq roughness of the disc decreased, whereas that of the ball 
increased. The largest changes were observed within the first 20 minutes of the test, 
where the ball roughness increased and for the disc an initial drop of the Sq parameter, 
followed by its gradual increase, were observed. In the further part of the test, the 
value of the Sq roughness was relatively steady for all specimens. Similarly as for the 
hb70iso_bo and hb100iso_bo tests, the wear curves had more complex shapes than the 
roughness curves. Additionally, the time to achieve a steady state of wear was longer 
than that to achieve a stable value of Sq roughness. The final values of the Sq roughness 
and wear volume for the hb100uni_bo and sb100uni_bo tests are shown in Table 6−5. 
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Figure 6−35. Sq surface roughness and wear volume in the base oil tests: 
(a) hb100uni_bo, (b) sb100uni_bo. 
Table 6−5. The final wear and roughness results for the hb100uni_bo and 
sb100uni_bo tests. 
 hb100uni_bo sb100uni_bo 
Ball 
 
Disc 
Ball 
 
Disc 
Longitu-
dinal 
Trans-
verse 
Longitu-
dinal 
Trans-
verse 
Initial Sq [µm] 0.015 0.281 0.276 0.015 0.282 0.328 
Final Sq [µm] 0.031 0.254 0.243 0.070 0.272 0.297 
Total Sq change [µm] 0.016 −0.027 −0.033 0.055 −0.010 −0.031 
Total wear volume [×10−4mm3] 18.22 29.32 9.18 194.67 5.35 29.6 
6.7.2. Total wear volume and change of the Sq roughness 
The roughness and wear results for the tests carried out under different 
conditions are presented. Unless otherwise indicated, the topography measurements 
were performed on the disc and ball specimens form continuous tests. The influence of 
the testing procedure on the results will be further investigated later in the thesis, and 
the outcome of this study will be taken into account in the discussion of the results. All 
the results from ZDDP tests concern surfaces after the film removal with EDTA. 
The results of the change of the Sq roughness in the wear track area for the MTM 
discs and balls are presented in Figure 6−36 and Figure 6−37, respectively. The error 
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bars show the precision of the measurement, calculated as an average deviation across 
multiple measurements done on each specimen. Where only one measurement was 
taken, the error value presented is shown as zero. A positive value of the Sq change 
indicates that the surface became rougher, and a negative − that it became smoother. 
As a result of the tribotest, all the smooth discs became rougher, and more so 
when the additive was present in the oil (Figure 6−36). Similar results were obtained 
for the hb70iso discs. In 100°C, the Sq of the discs with isotropic finish increased in the 
base oil tests, but decreased in the ZDDP tests. The Sq roughness of all unidirectional 
discs decreased significantly more in base oil than in the presence of ZDDP. 
 
Figure 6−36. The total change of the Sq roughness of the disc specimens in the 
(a) hb70, (b) hb100 and (c) sb100 tests, carried out with discs of 
different finish and with or without the ZDDP additive. 
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The Sq roughness of all the examined ball surfaces increased (Figure 6−37). For 
the tempered balls (sb), this increase was higher in the ZDDP than in the base oil tests. 
With the exception of an hb70sm test, all the fully hardened ball specimens (hb) became 
rougher when there was no additive in the lubricant. 
 
Figure 6−37. The total change of the Sq roughness of the ball specimens in the 
(a) hb70, (b) hb100 and (c) sb100 tests, carried out with discs of 
different finish and with or without the ZDDP additive.  
Figure 6−38 and Figure 6−39 show the total wear volume calculated on the basis 
of the WLI topography scans for the MTM discs and balls, respectively. The error bars 
show either the accuracy of the method if only a single test was carried out, or the 
average deviation of the results from the mean value for multiple tests. 
For almost all discs of smooth finish, as well as one isotropic disc (sb100iso_zddp), 
the wear volume calculation resulted in negative values (Figure 6−38). The discs of 
isotropic finish showed more wear in the base oil than in the ZDDP tests. For the 
unidirectional discs, all the surfaces with longitudinal, as well as some with transverse 
roughness orientation (sb100uni) had a higher final value of wear volume when there 
was no additive in the oil. 
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Figure 6−38. The total wear volume of the disc specimens in the (a) hb70, (b) hb100 
and (c) sb100 tests, carried out with discs of different finish and with 
or without the ZDDP additive. 
None of the wear volume results obtained for the ball specimens were negative 
(Figure 6−39). In some cases, the wear volume was significantly higher in a base oil 
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than in a ZDDP test, namely in hb70iso, hb100iso, hb100uni and sb100uni tests. In the 
remaining tests, there was either more wear when the ZDDP was present in the oil 
(hb70sm, hb100sm, sb100iso), or the values were very similar (sb100sm, hb70uni). 
 
Figure 6−39. The total wear volume of the ball specimens in the (a) hb70, (b) hb100 
and (c) sb100 tests, carried out with discs of different finish and with 
or without the ZDDP additive. 
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6.8. The influence of testing procedures on the results 
6.8.1. Friction and ECR% results 
Some of the experimental procedures used in this work required the test to be 
periodically stopped, and in some cases a Stribeck test was carried out at each 
interruption point. To establish the influence of the interruptions on the results of the 
tribotest, the friction and ECR% curves were obtained for hb100uni_bo tests carried out 
using different procedures, as shown in Figure 6−40. 
 
Figure 6−40. Comparison of the friction and ECR% curves for the hb100uni_bo tests: 
(a) continuous, (b) interrupted and immediately resumed, 
(c) interrupted for specimen examination, (d) interrupted with 
Stribeck curves. 
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The ECR% and friction curves obtained in the continuous tests were fairly 
smooth (Figure 6−40a). However, when the test was stopped and immediately 
restarted, the discontinuities of the curves were clearly visible at the interruption 
points, and the final coefficient of friction was lower than in the continuous test 
(Figure 6−40b). Taking the specimens out for examination, cleaning and then returning 
to the rig made the interruptions even more pronounced (Figure 6−40c). When a 
Stribeck test was run at each stopping point, both curves were disrupted in a similar 
way as in the other interrupted tests, but the steady−state coefficient of friction was 
significantly lower and the initial drop of friction was not observed (Figure 6−40d).  
Furthermore, the discontinuity of the friction curve was also observed in tests 
with the ZDDP additive, e.g. when the test was stopped for the tribofilm thickness 
measurements (Figure 6−41). In this case, the MTM−SLIM tribotester was not equipped 
with an ECR option, so the ECR% curve was not registered. 
 
Figure 6−41. A friction curve for an hb100iso_zddp test interrupted for tribofilm 
thickness measurement with MTM−SLIM. 
Figure 6−42 shows a final, steady−state value of the coefficient of friction in 
chosen tests. All tests were run for 240 minutes under the same conditions of 
entrainment speed, slide/roll ratio, load and temperature, but different testing 
procedures were employed. The blue columns (first) represent the steady−state 
coefficient of friction from continuous tests, as shown in Figure 6−16. The results were 
in each case highly repeatable, for example for sb100uni_zddp tests the final value of the 
coefficient of friction was 0.090 ± 0.001 from three tests. Interrupted tests with Stribeck 
curves consisted of Stribeck steps, where the entrainment speeds were varied to obtain 
a Stribeck curve, and timed steps, carried out under constant conditions. The values 
shown by the red columns (second) were extracted from the final Stribeck curve for the 
same entrainment speed as was used in the continuous tests (2 m/s). The green 
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columns (third) show the coefficient of friction obtained during the same test as the one 
shown by the second column, but from the last timed step rather than a Stribeck test. 
 
Figure 6−42. The steady−state values of the coefficient of friction for different 
testing procedures (a) with base oil, (b) with oil containing 1% wt. 
ZDDP. 
The steady−state coefficient of friction differed in tests carried out using different 
procedures. All values obtained from the final Stribeck curves were lower than those 
from the last timed step of the same test. Furthermore, in all cases but one, namely 
sb100uni_zddp, the coefficient of friction registered during the continuous test was 
higher than both values from the Stribeck test. 
6.8.2. Wear and roughness results 
To study the influence of testing procedures on the test results, the values of total 
wear volume and Sq roughness change are compared for chosen specimens from tests 
carried out with different procedures. 
The highest difference of the steady−state coefficient of friction between the 
continuous and Stribeck tests was observed for an hb100uni_bo test (Figure 6−42a). To 
establish whether it can be attributed to a higher roughness change of the disc, the 
change of the Sq parameter was calculated for both cases, as well as for the test 
interrupted for topography measurements (Table 6−6). A negative value of the Sq 
change indicates a decrease of surface roughness, which was found to be many times 
higher for the interrupted test with Stribeck curves than for the other two procedures, 
and for both surface roughness orientations. 
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Table 6−6. The Sq roughness change of the disc in an hb100uni_bo test carried 
out with three different procedures. 
 Transverse finish Longitudinal finish 
 
Initial 
Sq [µm] 
Final Sq 
[µm] 
Total Sq 
change 
[µm] 
Initial 
Sq [µm] 
Final Sq 
[µm] 
Total Sq 
change 
[µm] 
Interrupted test with 
Stribeck curves 
0.417 0.219 −0.198 0.328 0.133 −0.195 
Continuous test 0.299 0.246 −0.053 0.282 0.262 −0.020 
Interrupted test for 
topography 
measurements 
0.232 0.199 −0.033 0.237 0.210 −0.027 
 
The value of the steady−state coefficient of friction for both continuous and 
Stribeck sb100uni_zddp tests was very similar (Figure 6−42b). Figure 6−43 shows a 
comparison of the observed Sq roughness change and total wear volume in sb100uni_bo 
and sb100uni_zddp tests run with Stribeck and continuous test procedures. When the 
tests were carried out in base oil without the ZDDP, for all examined surfaces the wear 
volume was higher and the Sq roughness changed more in the interrupted test with 
Stribeck curves than in the continuous tests. When the ZDDP additive was present in 
the oil, the wear and roughness change were lower than in the base oil tests, regardless 
of the experimental procedure employed. The roughness change was lower and the 
wear volume higher for the disc in the continuous test, and for the ball in the 
interrupted test with Stribeck curves. 
 
Figure 6−43. The influence of multiple Stribeck tests on the (a) Sq roughness 
change and (b) total wear volume of ball and disc specimens from 
sb100uni_bo and sb100uni_zddp tests. L – longitudinal finish, T – 
transverse finish 
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To study the influence of test interruption on the total roughness change and 
wear volume, the final results obtained for chosen continuous and interrupted base oil 
tests are compared in Figure 6−44, Figure 6−45 and Figure 6−46. During the interrupted 
tests, the specimens were removed from the rig multiple times throughout the test for 
topography measurements. 
The wear and roughness results for the ball specimens are presented in 
Figure 6−44. For the hb70iso and hb100uni tests, the increase of the ball roughness was 
much higher in the continuous test, whereas in the sb100uni test the roughness 
increased more in the interrupted test (Figure 6−44a). The Sq roughness change 
observed in the sb100uni tests was very similar for both procedures. The total wear 
volume of the fully hardened balls (hb) was found to be higher in the continuous tests, 
and that calculated for a ball from an sb100uni test was higher in the interrupted test 
(Figure 6−44b). 
 
Figure 6−44. The influence of test interruption on the (a) Sq roughness change and 
(b) total wear volume of the test balls in chosen base oil tests. 
The wear and roughness results for the discs of isotropic finish are presented in 
Figure 6−45. In the hb70iso tests, the total wear volume was higher for the continuous 
procedure, but the change of roughness was the same in both tests. The Sq increase of 
the hb100iso disc was higher in a continuous than in an interrupted test; however, the 
wear volume could not be calculated for the specimen from a continuous hb100iso test 
due to high rotation difference between the final and initial scans. 
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Figure 6−45. The influence of test interruption on the (a) Sq roughness change and 
(b) total wear volume of the isotropic discs in chosen base oil tests. For 
the hb100iso continuous test the wear volume was not calculated. 
The wear and roughness results for the discs of unidirectional finish are 
presented in Figure 6−46. The roughness reduction was higher in the continuous tests 
for all examined surfaces, except for the hb100uni disc with longitudinal finish. The 
total wear volume was in all cases higher in the continuous tests, especially when a 
tempered ball specimen was used (sb). 
 
Figure 6−46. The influence of test interruption on the (a) Sq roughness change and 
(b) total wear volume of the unidirectional discs in chosen base oil 
tests. L – longitudinal finish, T – transverse finish. 
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6.9. Summary 
The experimental results for the Study B have been presented in this chapter. 
Specimens with a small hardness difference of 80−120HV were tested in both “disc 
harder than a ball” and “ball harder than a disc” configurations.  
The appearance of the specimens and lubricants before and after the tests were 
described, including the surface damage observed in the wear track and the formed 
tribofilms. The spurious wear effect was present in the optical topography 
measurement results for the Wyko NT9100 WLI scanning microscope and the confocal 
system μsurf. Additionally, gold sputtering of a tribofilm−covered surface was studied 
as a possible technique to avoid the apparent wear effect. 
To study the lubrication regimes transition expected to take place during 
running−in, Stribeck curves were obtained at certain intervals during 240−minute tests 
under the set conditions. In general, the coefficient of friction was found to decrease 
with time in base oil tests carried out with rough specimens, and increase when ZDDP 
was present in the lubricant. The transitions from boundary to mixed lubrication 
regime were reflected by friction and electrical contact resistance results. 
The growth of the ZDDP tribofilms was monitored using a SLIM method. The 
final film thickness depended on the testing temperature and surface topography. WLI 
measurements of film−covered surfaces were conducted after film removal with EDTA, 
to avoid the spurious wear effect. 
On the basis of WLI scans of specimens surfaces, the change of roughness was 
established and the wear volume calculated, using separate methods for smooth discs, 
smooth balls and rough discs. Some chosen base oil tests were interrupted periodically 
for topography measurements of the specimens surfaces. The observed trends were not 
obvious, as the system experienced only a low level of wear. The influence of such 
interruptions, removal of the specimens from the rig, as well as multiple Stribeck tests 
on friction, wear and roughness change of the specimens was also investigated. 
In the next chapter, the spurious wear effect will be further studied and a 
possible method of the additive film thickness calculation will be proposed. Also, an 
asperity−level conformity between the rubbing surfaces, as well as roughness evolution 
and its influence on the local contact pressure will be analysed. 
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Chapter 7. STUDY B – ANALYSIS 
In this chapter, the phenomena potentially responsible for the spurious wear 
effect are analysed and possible solutions are suggested. A novel method of ZDDP film 
thickness estimation on the basis of the optical topography scans of the surface is 
proposed. Additionally, an attempt to evaluate the development of conformity 
between the contacting surfaces during running−in is made. Finally, a micro−EHL 
analysis of chosen surface profiles taken at certain time intervals during the test, each 
time from the same area, is performed. 
7.1. Spurious wear in confocal measurement results in the presence of a 
ZDDP tribofilm 
The topography measurements of a surface with a ZDDP film were carried out 
using a confocal microscope (see Chapter 6.3.2), and a spurious wear effect was 
observed for a low numerical aperture of 0.45, but not for NA of 0.8 and higher. The 
observations made for the lower NA agreed with the results obtained with the Wyko 
NT9100, e.g. (Benedet, Green et al. 2009a), and the Zygo NewView 200 (Benedet, Green 
et al. 2009b), thus confirming that the anomalous results in topography measurements 
of surfaces with ZDDP films are not exclusive to WLI scanning microscopes. To explain 
the observed effects, it was necessary to further analyze the design of the confocal 
system. 
A theoretical prediction of the ZDDP film influence on the results of confocal 
measurements was carried out using a model built by Nanofocus AG for a µsurf 
confocal system. The model was developed using ZEMAX optical design program. A 
geometric optical simulation was done using ray tracing, where single light rays were 
traced through the optical elements and captured on a screen. The tribofilm was 
modelled as a 100 nm thick uniform transparent film on the surface, with a refractive 
index of 1.6.  
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The calculations of the power reflected from the top and bottom boundaries of 
the ZDDP film were performed (Figure 7−1). It was found that the top film surface is 
significantly less reflective than the bottom metallic surface. 
 
Figure 7−1. Power reflected from the top and bottom boundaries of a ZDDP film; 
100% is the total power reflected by the specimen. (Nanofocus AG) 
Figure 7−2 shows the percentage of power collected for both interfaces, where 
100% is the total power collected from the bottom surface using a 0.1 numerical 
aperture objective (Figure 7−2a), and from the top surface using a 0.9 NA (Figure 7−2b). 
The values of NA were chosen to allow the maximum reflectivity for each interface. 
The amount of power collected from the bottom metallic surface did not change much 
with the value of the numerical aperture, whereas for the top surface over ten times 
more information could be collected using 0.9 rather than 0.1 NA objective. 
(a) (b)  
Figure 7−2. Total reflected signal collected from a (a) bottom, (b) top surface, 
where 100% is the total power collected from the bottom surface using 
0.1 NA, and from the top surface using 0.9 NA. (NanoFocus AG) 
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A simulation of the shape of the confocal curve was carried out for two 
numerical apertures, 0.45 and 0.9, and for surfaces with or without a tribofilm. The 
shape of the confocal curve for the higher NA was narrower, with a better defined 
maximum (Figure 7−3b and Figure 7−3d) than for the lower NA (Figure 7−3a and 
Figure 7−3c). However, some distortions were observed in form of additional peaks on 
both sides of the main maximum of the confocal curve (Figure 7−3b and Figure 7−3d). 
When presence of a tribofilm was added to the simulation, a shift of the confocal peak 
was observed (e.g. Figure 7−3d) as compared to the surface without the film 
(Figure 7−3b). For a 100 nm thick film, the shift of the confocal curve calculated for 
0.45 NA and 0.9 NA was −100 nm and −40 nm, respectively (Figure 7−4). 
 
Figure 7−3. The influence of the numerical aperture and the presence of a 
transparent surface film on a confocal curve, based on simulation: 
(a) no film, 0.45 NA, (b) no film, 0.9 NA, (c) 100 nm film, 0.45 NA, 
(d) 100 nm film, 0.9 NA. (Nanofocus AG) 
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Figure 7−4. The influence of a 100 nm thick ZDDP film on the shift in the 
confocal peak, relative to the metal surface. (Nanofocus AG) 
7.2. Estimation of the ZDDP film thickness based on the results of 
interferometric measurements 
The results presented in this thesis confirmed that in the presence of a ZDDP film 
on the surface an effect of spurious wear can be observed in the results of scanning 
WLI and confocal topography measurements. It seems that it is caused predominantly 
by a difference of refractive index (n) between the film (n = 1.6) and air (n = 1). The 
principle of this phenomenon is shown in Figure 7−5. 
 (a) (b)  
Figure 7−5. A schematic representation of the refractive index error in WLI 
measurement: (a) a correct thickness of a ZDDP film, (b) an effective 
ZDDP film thickness if the refractive index of air has been assumed. 
The analysis of the confocal system response to the presence of such films on the 
surface showed that the reflectivity of the top layer was very small compared to the 
substrate surface under the film. It can be assumed that the same behaviour should 
take place in a scanning WLI microscope of a similar configuration, such as the Wyko 
NT9100, and thus the signal coming from the top of the film should not have much 
influence on the observed effect. The numerical aperture of the Wyko profiler for a 20X 
objective used in this work was 0.40, so relatively low; therefore, the spherical 
aberrations normally observed for high−NA objectives should not be very pronounced. 
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With these assumptions, an attempt was made to estimate the tribofilm thickness 
and its topography on the basis of the difference of heights between the Wyko scans 
taken after EDTA treatment and with a ZDDP film on the surface, corrected for the 
refractive index. The author is aware this is not an accurate method of film mapping, 
but rather an estimation based on correcting the predominant effect. Below, the film 
thickness calculation is performed for three different surfaces: a smooth MTM disc 
(sm), a smooth MTM ball (hb) and a rough MTM disc with isotropic finish (iso), using 
the appropriately modified wear calculation methods suitable for each surface. 
An attempt was made to estimate the thickness and topography of the ZDDP 
film on an sb100sm_zddp disc, whose surface before and after EDTA treatment was 
shown earlier in Figure 6−8. To ensure a higher accuracy of the measurement, a single 
non−stitched scan of the surface was taken. The initial scan was made on a surface with 
the ZDDP film, and then the stage of the microscope was lowered, EDTA was applied 
and removed after 1 minute without disturbing the specimen. After the treatment, the 
stage was returned to the position enabling measurement and a second scan was taken. 
Both data files were transferred to MATLAB, the smooth areas outside the wear 
track were used to fit a plane and a tilt correction was applied to both surfaces. The 
difference between the final and initial topographies was calculated and divided by 
0.6, the difference between the refractive indices of the ZDDP film and air, to obtain the 
estimated film thickness for each point. The resultant 3D map of the film thickness is 
shown in Figure 7−6. The calculated average film thickness was 91.3 nm. A 
magnification of a chosen fragment of the map is presented in Figure 7−6b. 
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m 
m 
Figure 7−6. (a) A map of the estimated film thickness for an sb100sm_zddp disc 
with the indicated areas shown further in (I) Figure 7−6b, and (II) 
Figure 8−5b, (b) detail of Figure 7−6a (I). 
The calculation of the film thickness for an hb100iso_zddp ball surface was done in 
a similar way; however, in this case only a 2D surface profile was considered. The 
accuracy of the WLI measurement decreases with the increasing slope of the ball. 
Therefore, the most accurate measurement can be taken from the very top of the ball. 
The measured surface profiles are shown in Figure 7−7a, and the topography of the 
surface with the film obtained from the calculation is presented in Figure 7−7b. The 
average film thickness in the examined area was 146 nm. In some calculation points the 
top surface of the film appears to be below the bottom surface. The reasons for this 
discrepancy might be: other than the refractive index difference optical effects caused 
by the presence of the film on the surface, inaccuracy of Wyko measurement or fitting 
of the scans, as well as insufficient removal of EDTA solution from the surface before 
the second measurement was performed. 
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Figure 7−7. Surface profiles taken across the wear track of an hb100iso_zddp ball 
specimen. Blue: ball surface after EDTA treatment, red: (a) spurious 
wear, (b) surface topography with the tribofilm, calculated using the 
proposed method. 
In both cases considered so far, the specimen surfaces were relatively smooth, 
with the Sq values after EDTA treatment of 0.032 µm for both the ball and the disc. 
ZDDP film thickness and topography can be measured on smooth surfaces with the 
use of such techniques as 3D Spacer Layer Imaging Method (SLIM) for MTM balls, or 
Atomic Force Microscopy (AFM) for flat surfaces. Therefore, an attempt was made to 
perform the calculation of the film thickness on a rough surface. The topography of the 
hb70iso_zddp disc of isotropic finish was measured before and after EDTA treatment, 
the film thickness was calculated similarly as for the previous surfaces and its average 
thickness was estimated at 89 nm. The Sq roughness of the disc surfaces after the 
tribofilm removal was 0.191 µm. Figure 7−8 shows a chosen fragment of the disc 
surface in the wear track area after EDTA treatment (Figure 7−8a) and with the added 
film thickness calculated for every measurement point (Figure 7−8b). The presented 
results will be further discussed in Chapter 8.3.4. 
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  m 
  m 
Figure 7−8. A fragment of the surface topography in the wear track area of an 
hb70iso_zddp disc of isotropic finish (a) after EDTA treatment, (b) 
with the calculated film thickness added. 
7.3. Assessment of the surface conformity development using 
cross−correlation analysis 
If running−in is defined as a process in which conformity between the rubbing 
surfaces is increased, cross−correlation analysis can be used to assess this conformity 
(Karpinska and Olver 2009). In signal processing, cross−correlation is a measure of 
similarity of two waveforms as a function of a time−lag applied to one of them 
(Rubio−Serrano, Posada et al. 2010). 
The analysis was performed on the ball and disc wear track scans from an 
hb100uni_bo test with longitudinal disc finish, shown in Figure 7−9a and Figure 7−9b, 
respectively. Both were processed in such way that the two−dimensional 
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cross−correlation could be calculated: the ball surface was inverted and flipped about 
the X−axis and the mean height of both surface topographies was adjusted to zero. 
 
Figure 7−9. Topography scans of the specimen wear tracks from an hb100uni_bo 
test: (a) ball, (b) disc; (c) a resultant cross−correlation matrix. 
The two−dimensional discrete cross−correlation was computed using an in−built 
MATLAB function shown in Equation 7−1. 
Equation 7−1. Two−dimensional discrete cross−correlation: 
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Figure 7−9c shows a cross−correlation matrix computed on the basis of the ball 
and disc scans presented in Figure 7−9a and Figure 7−9b, respectively. X and Y axes 
represent the lags in X and Y direction from a default position of both scans at zero lag. 
The calculations were performed using in−built MATLAB functions. In the calculation 
routine used by MATLAB, the analysed surfaces do not overlap for the highest and 
lowest values of the lag, resulting in near-zero values of cross-correlation visible 
around the rim of the image (Figure 7−9c). Thus, the outermost areas of the cross-
correlation matrix should not be taken into account in the analysis. 
C(i,j) has a maximum value when the two scans are aligned so that their 
topographies are as similar as possible. Therefore, it was assumed that the lag at this 
maximum corresponds to the position of alignment of the worn specimens during the 
test. In Figure 7−9c, a band of higher value of the cross−correlation function along the 
rubbing direction can be observed, as well as a clearly visible maximum point. The 
coordinates of this point allowed finding the X and Y axis lags and shift the analysed 
surface scans in such way that the maximum was at zero lag. Both matrices were then 
cropped to have the same dimensions and a normalized cross−correlation function, or 
a cross−correlation coefficient, was calculated (Equation 7−2). The normalization factor 
was established on the basis of the autocorrelation matrices for both topographies 
(Equation 7−3). The value of the normalized cross−correlation is 1 if the surfaces are 
exactly the same, and −1 if they are exactly opposite, inverted. A clear maximum of the 
normalized cross−correlation is visible at zero lag, indicating a higher degree of 
similarity between the analysed scans at this position (Figure 7−10). 
Equation 7−2. Normalized cross−correlation: 
f
norm
N
C
C   
Equation 7−3. Normalization factor: 
2
maxmax BA
f
CC
N

  
where: 
CA, CB − autocorrelation matrices for both topographies. 
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Figure 7−10. A normalized cross−correlation matrix for the analysed scans of worn 
surfaces. 
However, it is the change of conformity as a result of running−in that should be 
assessed. Therefore, the surface fragments corresponding to the analysed worn 
topographies were found on the scans taken before the test. The normalized 
cross−correlation was calculated as above, and then subtracted from the 
cross−correlation matrix computed for worn surfaces. In the resultant matrix (the 
conformity map), shown in Figure 7−11, the positive values indicate at which position 
the match between both surfaces increased. 
 
Figure 7−11. A conformity map for the specimens from an hb100uni_bo test. 
A value at zero lag can be used to numerically express the level of the conformity 
change. It will be referred to as CDF (conformity development factor). The higher its 
value the more the surfaces evolved to conform to each other. CDF for the analysed 
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surfaces was 84.4×10−3. CDF should always be analysed together with the conformity 
maps. 
Figure 7−12 shows the conformity maps and calculated CDF values for the 
specimens from the hb100uni_bo and hb100uni_zddp tests with longitudinal and 
transverse disc finish. The discussion of the results presented here can be found in 
Chapter 8.4.3. 
 
Figure 7−12. Conformity maps and CDF values for tests with a disc with 
longitudinal finish: (a) hb100uni_bo, (b) hb100uni_zddp; and with 
transverse finish: (c) hb100uni_bo, (d) hb100uni_zddp. 
7.4. Micro−EHL analysis 
An hb100uni_bo tribotest was stopped at certain intervals and WLI scans of the 
wear track area with the unidirectional finish and roughness lay transverse to the 
direction of rubbing were taken. Centre line profiles, along the rubbing direction, were 
extracted from the 3D scans. Progressive smoothing of the asperities was observed in 
the first 8 minutes of the test, as shown in Figure 7−13, and the Rq parameter followed 
the same trend of changes with time as the Sq parameter shown in Figure 6−35a (for 
transverse finish). The profiles from three time steps were selected for EHL simulation 
(a) CDF = 84.1×10-3 (b) CDF = 8.0×10-3
(c) CDF = 0.5×10-3 (d) CDF = -2.1×10-3
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performed by Cardiff University (the time steps are indicated by arrows in Figure 
7−13). 
 
Figure 7−13. Rq centre line surface roughness for a disc surface with transverse 
finish in a hb100uni_bo test. The arrows indicate the points in time for 
which the EHL analysis was carried out. 
 
The chosen profiles were filtered using a Gaussian filter with a 0.25 mm cut−off. 
In the simulation, the computational domain was centred in the centre of the Hertzian 
contact and the non−dimensional x coordinate is given by Equation 7−4. 
Equation 7−4. Non−dimensional x coordinate: 
non−dimensional x coordinate = x/a 
where : 
x –  coordinate in the direction of rolling [µm], 
a –  contact semi−width *μm+. 
Each roughness profile was interpolated over the EHL mesh using spline 
interpolation, with the mesh spacing of a/200. A transient micro−EHL line contact 
analysis was carried out using a coupled method described in (Elcoate, Evans et al. 
2001; Holmes, Evans et al. 2003a; Holmes, Evans et al. 2003b). In the simulation, a 
roughness profile was “fed” into the contact and the results were obtained as a 
function of time. Finally, a representative section of the profile was chosen to illustrate 
the observations made (Figure 7−14). The figures show only the results obtained for 
selected time steps of the analysis, which will be further discussed in the next chapter. 
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Figure 7−14. The results of the EHL analysis for chosen centre line profiles of a disc 
surface with transverse finish in a hb100uni_bo test: (a) time = 0 min, 
(b) time = 0.5 min, (c) time = 8 min. The gap between the two 
topographies is for clarity only. 
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7.5. Conclusions 
The main cause of the spurious wear effect observed in confocal measurements 
of the surfaces with ZDDP films was found to be the difference of the refractive index 
between the transparent tribofilm and air. It did, however, depend on the microscope 
setup, and other optical effects were present. 
The bottom metallic surface was shown to be significantly more reflective than 
the top tribofilm surface. Thus, a method of estimating ZDDP film thickness and 
topography has been presented, based on the correction of WLI topography 
measurement results to take into account the effect of the transparent layer with higher 
refractive index on the optical path length of the measuring beam. 
It was shown that cross−correlation analysis can be used to assess development 
of the asperity−level surface conformity in a system where wear is contained within the 
original roughness. 
Finally, a micro−EHL analysis was performed on the consecutive topography 
profiles of a rough surface experiencing running−in. 
 
In the next chapter, the significance of the experimental and analytical results for 
the Study B, presented in Chapter 6 and Chapter 7, will be discussed. 
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Chapter 8. STUDY B – DISCUSSION 
In this chapter, the results of the experimental and numerical investigations 
carried out for the Study B are discussed. The possible mechanisms of some of the 
observed phenomena are considered, and the suggestions for further improvement of 
the testing procedures and investigative techniques are provided. 
8.1. The influence of testing procedures on the tribosystem 
8.1.1. The influence of test interruption on the system response 
The experimental procedure sometimes requires the tribotest to be periodically 
stopped for measurements. Stop/start actions have been reported to influence the wear 
and roughness changes (Wang, Wong et al. 2000a), largely due to repeated loading and 
unloading, as well as speed variations at each stop and start−up point. In most cases 
presented in this thesis, if the specimens were periodically removed from the rig and 
cleaned, the total wear and the change of the Sq roughness were lower than in the 
corresponding continuous tests (Table 8−1). 
Table 8−1. Comparison of the total wear and Sq roughness change for 
continuous and interrupted tests, based on the experimental results 
presented in Figure 6−44 − Figure 6−46. 
Specimen 
Sq change Total wear volume 
in an interrupted test compared 
to a continuous test 
hb70iso_bo ball 
hb100uni_bo ball 
hb70iso_bo disc 
hb100uni_bo disc transverse 
sb100uni_bo disc longitudinal 
sb100uni_bo disc transverse 
lower lower 
hb100iso_bo disc lower N/A 
hb100iso_bo ball 
hb100uni_bo disc longitudinal 
higher lower 
sb100uni_bo ball higher higher 
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Such differences might have been caused by a misalignment of the replaced 
specimens, wear debris removal and/or a repeated start−up procedure. If the 
specimens returned to the rig were not aligned properly, a higher rather than lower 
wear would be expected. The presence of wear debris in lubricated metallic contacts is 
thought to increase wear. The wear particles may undergo strain hardening and 
become harder than the original surface, thus causing abrasive wear (Godet 1984). 
Additionally, debris can fill the roughness valleys reducing the ability of the surface to 
supply the lubricant into the contact, disrupt the lubricant film and stick to the 
asperities (Rowe, Kaliszer et al. 1975; Godet 1984). Therefore, the removal of wear 
particles from the rubbing surfaces by cleaning may have inhibited some wear 
processes and, as a consequence, reduced the change of the Sq roughness observed in 
most of the interrupted tests. 
Whenever the test was stopped, discontinuities in the friction and the ECR% 
curves were observed, whether or not the specimens were removed from the rig, and 
regardless of the detailed test procedure and the presence of ZDDP (Figure 6−40 and 
Figure 6−41). This suggests the influence of the startup procedure itself, but it is not 
clear whether the interruption affected the surface topography or only the lubricant 
film formation, as the roughness and wear measurements were not carried out on the 
specimens from the tests that were interrupted and immediately resumed. 
To sum it up, stopping and restarting the tribotest, especially if the specimens are 
taken out and cleaned, introduces a number of changes into the system, thus affecting 
the friction and wear processes taking place and causing disruptions in the system 
response. Such behaviour could be avoided by using real time roughness and wear 
measuring techniques. 
8.1.2. The influence of multiple Stribeck tests on the system response 
A Stribeck curve was obtained at each interruption point of “interrupted tests 
with Stribeck curves” to study transitions in lubrication regimes. It was observed that 
in all such tests (except for the sb100uni_zddp test), the steady−state coefficient of 
friction was lower than in corresponding continuous tests, regardless of the presence of 
the ZDDP additive (Figure 6−42). Additionally, when the coefficient of friction 
A. KARPINSKA CHAPTER 8 STUDY B – DISCUSSION 
Page 220 
 
measured during the timed steps was plotted against time, the initial sharp drop (base 
oil) or increase of friction (ZDDP) was not observed (Figure 6−40d). 
A Stribeck test procedure involved measurements of friction with decreasing 
entrainment speeds ranging from 4.32 to 0.28 m/s. This differed substantially from the 
continuous tests carried out with a constant speed of 2 m/s. Each interrupted test with 
Stribeck curves involved 11 Stribeck tests, each with 25 measurement points at 
different entrainment speeds. Two measurements were taken at each point: with the 
ball faster than the disc and with the disc faster than the ball. Even though each 
Stribeck test was relatively short, the specimens were exposed to more severe 
conditions than in a continuous test. This could result in higher wear and reduction of 
the surface roughness of the rough specimen. 
To verify this hypothesis, a change of the disc Sq roughness was measured for a 
hb100uni_bo test, where the friction difference between the two procedures was the 
highest, and a sb100uni_zddp test, where the friction difference was not observed. The 
Sq reduction of a hb100uni_bo disc was much higher in a Stribeck procedure than in a 
continuous test or a test interrupted for topography measurements. The same 
observation was made for both wear and Sq roughness change of sb100uni_bo ball and 
disc. The change of roughness in a sb100uni_zddp test was lower and the wear volume 
higher for the disc in the continuous test, and for the ball in the interrupted test with 
Stribeck curves. These observations suggest that a lower steady−state coefficient of 
friction in tests involving Stribeck curves can be attributed to higher wear and 
roughness changes caused by more severe contact conditions of such tests, and it may 
be influenced by the presence of the ZDDP, as observed for a sb100uni_zddp test. 
The coefficient of friction from a final timed step was always higher than that 
extracted from the final Stribeck curve for the same entrainment speed. During the 
Stribeck step only the sliding component of friction was measured and the difference 
between the second and the third column in Figure 6−42 corresponds to the rolling 
friction. Even though the slide/roll ratio in all tests was as low as 5%, the sliding 
component controlled the value of the coefficient of friction in most cases. 
Although differences in friction results were observed between different testing 
procedures, the friction, wear and roughness results for both ZDDP and base oil tests 
A. KARPINSKA CHAPTER 8 STUDY B – DISCUSSION 
Page 221 
 
displayed the same trends regardless of the procedure involved (Figure 6−42, 
Figure 6−43). 
8.2. Interferometry in examination of surfaces with thin transparent films 
Optical errors were found when measuring the surface topography in the 
presence of thin transparent ZDDP films with a scanning WLI microscope Wyko 
NT9100, and a confocal microscope µsurf. As a result, rough surfaces seemed smoother 
and smooth surfaces seemed rougher, and both appeared to be more worn than in 
reality. Such phenomenon has not been observed in SLIM measurements, where the 
light beam travels through a glass disc covered with a spacer layer. The SLIM method 
principle is different than that of the optical profilometers and the refractive indices of 
both the spacer layer and the boundary film are taken into account. Furthermore, the 
effect depends on the optical properties of the film and the surface (e.g. results for the 
tempered MTM balls), and also on the film thickness. 
8.2.1. Possible causes of the spurious wear effect 
In this thesis, and previously in (Benedet, Green et al. 2009a; Benedet, Green et al. 
2009b), the phenomenon of spurious wear was observed for steel surfaces with ZDDP 
films measured by WLI scanning microscopes, such as the Wyko NT9100 in both PSI 
and VSI modes and Zygo NewView 200. Additionally, similar observations were made 
by a collaborator, NanoFocus AG, the manufacturer of a confocal microscope µsurf. 
The causes of the effect seem to be connected not only with the properties of the 
transparent layer, but also with the presence of other than phosphate glass components 
of the film, optical properties of the substrate surface and optical system design. 
The detailed optical properties of the ZDDP films are not well known. Typically, 
ZDDP forms a relatively thick transparent film of 100−200 nm thickness, comprising 
1−5 µm diameter pads of irregular sizes and morphology (Aktary 2002). Its main 
component is phosphate glass, whose refractive index lies between 1.50 for a zinc 
metaphosphate and 1.65 for an orthophosphate (Brow, Tallant et al. 1995). Normally, 
the refractive index of a ZDDP film is assumed to be 1.6. In a WLI microscope, the 
optical path of the beam reflected from the specimen surface is affected by the presence 
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of the film, causing a disturbance in the result. As the refractive index of ZDDP is 
significantly greater than that of the air, the surface underneath appears to be lower 
than in reality and it is the refractive index difference that seems to be responsible for 
the largest part of the observed behaviour. 
The presence of a thin transparent film on the surface is a known and analysed 
problem in optical metrology, although complex and still not fully resolved. When a 
beam of light travels through such layer, the difference of refractive indices on the 
interface is not the only phenomenon observed. Internal reflection was suggested as 
one of the causes of spurious wear presence in WLI results (Benedet, Green et al. 
2009b). In fact, when the surface is coated with a thin transparent layer, the light can be 
reflected back and forth several times between the air/film and the film/substrate 
interfaces, as illustrated in Figure 8−1 (Kim and Kim 1999). Moreover, if the incident 
beam is partially reflected by the top film surface, it can superimpose with the one 
reflected from the substrate surface, as well as with the reference beam, resulting in an 
additional interference (Brecht and Gauglitz 1995). This partially reflected wave can 
also experience a phase change at the air/film interface (Kim and Kim 1999). 
 
Figure 8−1. Multiple internal reflection of light in a transparent thin−film layer, 
after (Kim and Kim 1999). 
A transparent film present on the surface changes its spectral reflectance, 
resulting in measurement errors dependent on the optical thickness of the film 
(Hariharan and Roy 1996). The optical thickness of a transparent medium determines 
the phase delay for light passing through it and is defined as its geometric thickness d 
multiplied by the refractive index n (Pascotta 2008). An experiment was conducted to 
establish the influence of a transparent layer on the interferometric measurement. 
(Hariharan and Roy 1996). The experimental setup comprised an interferometer with 
Incident light
Transparent film
Reflected lightθ0
θ1
Steel substrate
Air
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two mirrors, one of which was covered with a transparent film, and the other was a 
reference mirror. Figure 8−2 presents visibility curves obtained for surfaces with layers 
of different optical thickness ranging from 0 to 3  /2, where    is the mean wavelength. 
 
Figure 8−2. Changes in the visibility curve with increasing thickness of the 
surface film (Hariharan and Roy 1996). 
When no film was present on the surface (2nd =0), the visibility curve had a well 
defined peak of the envelope located at the position τ(fs)=0. τ(fs) corresponds to the 
optical path difference between the two beams. As the optical thickness of the film 
increased, the peak of the envelope shifted (2nd=  /4), the visibility of the interference 
fringes dropped and an anomalous shift of the peak occurred (2nd=  /2), then the 
visibility of the fringes improved (2nd=3  /4 and 2nd=  ) and dropped yet again, 
accompanied by an anomalous shift in the position of the peak (2nd=3  /2). These 
results gave an indication of how complex the interpretation of an interferometric 
measurement is when the thin transparent film is present on the surface, although the 
actual effects observed might differ for different materials and optical systems. 
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8.2.2. Analysis of the confocal system– interpretation of the results 
An effect of spurious wear was also found in the results obtained from a confocal 
microscope, µsurf, with a lower numerical aperture objective (NA 0.45). A simulation 
of the influence of the NA and the thickness of the transparent film on the confocal 
curve was carried out by Nanofocus AG. Majority of the detected information was 
found to come from the more reflective bottom metallic surface, suggesting that the 
abnormal results are influenced by the optical properties of the bulk of the transparent 
film rather than its surface. 
A higher numerical aperture resulted in a narrower curve and a better defined 
maximum (Figure 7−3). This allows more information to be gathered with a high−NA 
lens and, as a result, a higher resolution image is obtained. However, the narrower 
curves were observed to have additional lower peaks on both sides of the main peak. 
Such distorted confocal signal is a result of spherical aberrations in the system. 
Spherical aberration is an optical effect that occurs because the light passing through 
the periphery of the lens experiences higher refraction than near the centre. These 
aberrations depend on the lens design and increase proportionally to the third power 
of NA. However, commercial confocal microscopes, such as µsurf, are designed to 
actively correct the system−induced spherical aberrations. Also, the effect of spurious 
wear was found for lower rather than higher NA objectives. 
When a transparent film was present on the surface, a shift of the confocal curve 
was observed. This effect can also be explained by the presence of spherical 
aberrations, as they are influenced by the refractive indices of the media through which 
the light travels. The shift of the confocal curve was found to decrease with the NA, 
and increase with the film thickness, so for non−uniform ZDDP films it should vary 
across the surface. When the transparent film of 100 nm thickness was considered, the 
shift of the confocal curve calculated for 0.45 NA and 0.9 NA was −100 nm and −40 nm, 
respectively. It is possible then that the lack of spurious wear observed in the 
experimental measurements carried out for higher NA might be partially due to the 
lower value of the shift. As the data presented here was obtained using a theoretical 
model, the results of experimental measurements might be further influenced by other 
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aberrations, apart from spherical aberrations, due to the non−uniform morphology and 
considerable roughness of the film. 
8.2.3. Possible solutions 
Due to the presence of distortions visible as spurious wear, the results of 
interferometric measurements of surfaces with ZDDP films cannot be accepted as 
correct. To avoid this problem, a number of possible solutions are proposed. 
The ZDDP film can be chemically removed from the surface using EDTA, the 
method proposed in (Benedet, Green et al. 2009a) and used in this thesis on the 
specimens from tests carried out with ZDDP. After film removal, the surface can be 
scanned with an optical profiler and the results obtained should be correct. However, 
the information comes only from the metal surface underneath the film and the sample 
is damaged as a result of the treatment. Therefore, the tribotest cannot be resumed, 
which is a disadvantage in running−in research. Moreover, it is not certain whether the 
film is completely removed, as some of its components might be insoluble in EDTA 
(Topolovec−Miklozic, Forbus et al. 2007). It also cannot be excluded that the surface 
might get damaged as a result of exposure to EDTA. 
The top surface of the film can still be measured with an optical system if the 
specimen is covered with a very thin uniform layer of an opaque material with optical 
properties ensuring correct measurement, e.g. a metal such as gold (Benedet, Green et 
al. 2009b). However, the method is time−consuming, expensive, and the sample is 
damaged as a result. Moreover, care must be taken to make sure the gold layer does 
not change the topography details. Work done in this thesis showed that the 18 nm 
thick gold layer deposited on the rough surface was not uniform enough to precisely 
represent the details of the original topography. 
The use of non−optical measurement methods, such as stylus profilometry or 
Atomic Force Microscopy (AFM), is the best alternative as the possibility of damaging 
the sample is low and the optical error is avoided altogether. The contact methods give 
information about the topography of the top surface of the film. In the work done for 
this thesis, which required a high number of measurements over a large area in short 
time, AFM was not suitable. Moreover, a large spherical specimen, i.e. the MTM ball, 
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could not be measured in the AFM setup available. As the stylus profiler used in this 
study, the Handysurf, did not allow 3D surface measurement nor precise relocation, it 
was not a useful alternative to WLI methods. However, a more advanced system 
offering 3D measurement capability, surface preview and automated specimen stage 
would be the best solution for this type of measurement. 
In some applications, where surface topography cannot be directly measured, a 
replication technique is used. Replicas are negative three−dimensional copies of surface 
topography prepared from synthetic materials, such as epoxy−resins, cold−curing 
resins, synthetic rubber, etc. (Nilsson and Ohlsson 2001). Both the accuracy and 
repeatability of the method are about 10%, as established by comparison of roughness 
parameters obtained from original surfaces and replicas (Nilsson and Ohlsson 2001). 
An optical method is recommended for topography measurements of replicas, as the 
stylus might deform the soft surface. Both the replication and topography 
measurement have to be carried out in controlled temperature to avoid heat expansion 
of the material and specimens need to be cleaned thoroughly to ensure the optimum 
adherence of the replica material to the surface and its complete removal after 
replication. It is not known whether the synthetic rubbers or resins might chemically 
affect ZDDP tribofilms. Therefore, they might potentially be useful in topography 
measurements of surfaces with ZDDP films, but the influence of the replication process 
on the tribofilm, as well as the accuracy of the method, would have to be assessed in 
detail. 
Some attempts have already been made to modify a WLI setup so that the 
topographies of both top and bottom surfaces of the thin transparent films could be 
precisely measured (Kim and Kim 1999; Ghim and Kim 2009). This method was devised 
for application in the semiconductor industry, e.g. for Multi−Chip Package (MCP) 
products and Liquid Crystal Displays (LCDs). It comprises an extended 
frequency−domain analysis combining scanning WLI and non−linear least−squares 
fitting. The film thickness measurement is done point by point and a complete 
volumetric film profile in 3D is obtained. The authors managed to measure films as 
thin as 20 nm with 10 nm accuracy. It appears that this method has not been used for 
measuring ZDDP films. 
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It is possible to design a system that actively corrects specimen−induced 
aberrations, such as a modified confocal microscope developed for measurements of 
biological specimens (Booth, Neil et al. 2002). A single deformable membrane mirror 
was used to correct aberrations and to act as the wavefront sensor−biasing element, 
thus ensuring enhanced image contrast and improved axial resolution. If adequate 
corrections are applied, a confocal microscope might be used to assess the 3D 
topography of both top and bottom surfaces of the film. Calculations carried out for the 
confocal system predict that most of the information comes from the more reflective 
metallic surface, and only a small portion from the top film surface. Moreover, for the 
top surface the amount of light collected highly depends on the numerical aperture, 
and the higher the NA the more information can be obtained. With the corrected 
system, a high−NA objective should be able to map both top and bottom surface 
topographies of the film. However, if the system is not corrected for the 
specimen−induced aberrations, then any amount of collected light will not be helpful. 
A closer examination of the film properties and optical system design is needed to 
establish whether the observations made can be a foundation of a new film thickness 
measurement method, which would require accurate information to be obtained from 
both top and bottom surfaces of the film. 
8.2.4. Summary 
A whole range of phenomena might contribute to the effect of spurious wear 
observed in optical topography measurements of surfaces with ZDDP films; to list a 
few: 
- the change of the optical path length due to the difference of refractive indices, 
- multiple internal reflection, 
- a phase change at the air/film interface, 
- a changed spectral reflectance of the surface, 
- increased specimen−induced spherical aberrations. 
As the contribution of each phenomenon is so far unknown and possibly not all 
were listed here, it is suggested that more work should be done in this field. Discussed 
possible methods of avoiding the effect of spurious wear are listed in Table 8−2.  
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Table 8−2. Possible methods to avoid the effect of spurious wear in optical 
topography measurement results. 
Method Destructiveness 
Surface 
measured 
Accuracy 
Film removal with EDTA destructive substrate most likely high 
Gold−sputtering destructive film low for rough 
surfaces 
Non−optical methods 
(AFM, stylus profilometry) 
non−destructive film high 
Surface replication probably 
non−destructive 
film questionable 
WLI system modification 
(Kim and Kim 1999; Ghim 
and Kim 2009) 
non−destructive both substrate 
and film 
possibly high 
Potentially: confocal 
microscope modification 
non−destructive both substrate 
and film 
possibly high 
 
8.3. ZDDP films and their influence on the system response during 
running−in 
8.3.1. Effect of ZDDP on friction 
An increase of friction was observed in all tests with a ZDDP anti−wear additive. 
More precisely, two trends were found: an increase of friction as compared to the 
corresponding base oil test and an increase of friction with time in a ZDDP test. 
The steady−state coefficient of friction was higher in all the ZDDP tests than in 
the corresponding base oil tests (Figure 6−16). ZDDP films have been known for their 
friction−enhancing properties, especially under the mixed lubrication conditions 
(Taylor and Spikes 2003a). Various hypotheses have been proposed to account for this 
behaviour: an increase of the surface roughness as a result of the formation of a rough 
ZDDP film, inhibition of lubricant entrainment to the contact or forming of a boundary 
film with high intrinsic friction properties (Taylor, Dratva et al. 2000; Taylor and Spikes 
2003b). 
The initial coefficient of friction in the continuous base oil tests was relatively 
high, possibly due to the adhesion between the contacting surfaces. A friction drop of 
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0.04−0.05 units occurred in the first few minutes of the test as a result of running−in 
(Figure 6−15). The initially high friction was not observed in the ZDDP tests. It is 
suggested that when the first measurement was taken the surfaces were already 
separated by either a thermal ZDDP film or a tribofilm formed during the start−up 
procedure, thus preventing metallic adhesion. 
The coefficient of friction in each ZDDP test increased steadily to achieve its final 
value (Figure 6−15). This increase was in the range of about 0.01−0.03 units, and it was 
the highest in the mixed lubrication regime, as shown in an example (Figure 8−3). The 
rate of the friction increase observed in the interrupted tests with Stribeck curves was 
higher for the higher testing temperature and in the tests with a softer counterface (sb). 
 
Figure 8−3. Initial and final Stribeck curves and an increase of friction in a 
240−minute hb100sm_zddp interrupted test with Stribeck curves. 
Figure 8−4 shows the change of the average thickness of the ZDDP film, the 
coefficient of friction and ECR% with time in chosen ZDDP tests. In all cases, the 
friction and ECR% stabilised after about 10 minutes of rubbing. However, the rate of 
the ZDDP film growth and its final thickness were different for each test. The time to 
reach the maximum tribofilm thickness varied from about 30 minutes for a 
hb100uni_zddp test to over 240 minutes for a hb70iso_zddp test, where the film thickness 
did not stabilise within the test time. Therefore, the trends of the friction and ECR% 
changes observed during running−in did not correlate with the tribofilm growth. 
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Figure 8−4. The average film thickness (SLIM), coefficient of friction and ECR% 
(both from Stribeck tests) variations with time for (a) hb70iso_zddp, 
(b) hb100iso_zddp and (c) hb100uni_zddp tests. 
As the ZDDP films are non−conductive, the electrical contact resistance method 
(ECR) used to be employed in monitoring of the tribofilm formation before more 
reliable methods became available (Yamaguchi, Ryason et al. 1998). There is, however, 
no direct relationship between the contact resistance and film thickness 
(Topolovec−Miklozic, Forbus et al. 2007). On the other hand, the influence of the 
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tribofilm thickness on friction is still not clear. Some researchers attributed the 
friction−enhancing properties of the thick ZDDP films to their roughness oriented in 
the direction of sliding inhibiting the entrainment of fluid in mixed lubrication (Taylor, 
Dratva et al. 2000). In this work, no dependence was observed between the film growth 
and friction changes with time (Figure 8−4) nor between the final film thickness and 
the steady−state coefficient of friction and its increase in the test time (Table 8−3). 
However, the possible influence of the film roughness on the surface topography was 
not investigated. 
Table 8−3. ZDDP film thickness and friction data for chosen tests. 
Test 
Final ZDDP film 
thickness [nm] 
Steady−state 
coefficient of friction 
Total increase of the 
coefficient of friction  
hb70iso_zddp 47 7.3×10−2 1.4×10−2 
hb100iso_zddp 110 8.4×10−2 1.1×10−2 
hb100uni_zddp 70 9.1×10−2 0.3×10−2 
 
An inhibition of the lubricant entrainment to the contact, resulting in a reduced 
EHL film thickness and increased friction for a given speed, was observed 
experimentally on surfaces covered with fully−grown ZDDP films (Taylor and Spikes 
2003b). The detailed mechanism could not be clarified and some of the proposed effects 
were: inlet blocking, presence of a low viscosity−pressure coefficient fluid film on the 
tribofilm surface or slip at the fluid/ZDDP film boundary. On the basis of these 
findings, as well as the results presented in this thesis, it is hypothesised that the 
increase of friction observed in the ZDDP tests depended largely on the surface 
coverage with the tribofilm, rather than its thickness or roughness. Such relationship 
might be explained by the existence of an aforementioned fluid film present on the 
surface of a ZDDP tribofilm. However, to completely exclude the influence of the 
thickness or roughness of the film it is necessary to carry out a more in−depth study of 
the tribofilm topography to establish the effect of the combined roughness of the ZDDP 
film and the surface on friction. 
8.3.2. ZDDP films on oxidised surfaces 
The ZDDP films present on fully hardened AISI 52100 specimens caused the 
spurious wear effect in the results of optical topography measurements. However, this 
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effect was not observed on the tempered AISI 52100 balls (sb) where the tribofilm 
appeared to be higher than the surrounding area. The EDTA treatment seemed to have 
fully removed the film. The calculated real wear volume was higher than the apparent 
wear (before the EDTA treatment), contrary to the observations made for the fully 
hardened specimens. 
A temper oxide layer, formed during the heat−treatment, was present on the 
tempered AISI 52100 specimens. It was found that EDTA did not affect the topography 
of the oxide−covered surface within the treatment time. Thus, the observed behaviour 
cannot be connected with a corrosive effect of the chemical agent on the steel surface. 
In base oil, the oxide layer was removed as a result of wear and a lighter steel surface 
was revealed (Figure 6−2b), but in a ZDDP test the layer appeared to be intact after the 
test (Figure 6−2e) and after the EDTA treatment (Figure 6−2f). 
These observations suggested that the ZDDP films present on the surfaces of the 
tempered specimens had different optical properties than those formed on the fully 
hardened specimens. Such differences could have arisen from a structure of the film 
formed on top of a temper oxide layer or from the reflective properties of this layer. 
Only for sb100uni_zddp, the final coefficients of friction for a continuous and a 
Stribeck test were about the same (Figure 6−42). The Sq roughness change was higher 
for a continuous than for a Stribeck test (Figure 6−43a). Moreover, in the tests carried 
out with sb specimens a higher increase of the Sq roughness of the ball was observed for 
ZDDP and not for base oil, as was the case for most of the hb specimens (Figure 6−37c). 
Therefore, the tempered balls demonstrated different friction, wear and roughness 
behaviour in the ZDDP tests than the fully hardened specimens, which suggested that 
the tribofilms formed in both cases had different structure and properties. 
8.3.3. Influence of temperature and surface finish on ZDDP film formation 
The ZDDP film growth is dependent on the extent of the direct solid−solid 
contact during rubbing, which can be expressed by a lambda ratio (Equation 2−2). The 
lower the lambda ratio the faster the tribofilm growth and higher its final thickness 
(Fujita and Spikes 2004). However, in the referred work, to achieve different  values 
the initial roughness was kept the same and the fluid film thickness was varied. 
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In this thesis, the smooth−body minimum fluid film thickness was predicted to 
be 45.7 nm at 70°C and 29.1 nm for oil containing 1% wt. ZDDP at 100°C. The lambda 
ratio was calculated from these values and the data presented in Table 4−6, using 
Equation 2−2. The resultant  values were: 0.19 for a hb70iso_zddp test, 0.12 for 
hb100iso_zddp and 0.10 for hb100uni_zddp. 
It can be seen in Figure 8−4 that the higher the  the lower the initial rate of the 
tribofilm formation, which agrees with (Fujita and Spikes 2004). However, at 100°C the 
final steady−state tribofilm thickness was higher for higher  rather than for lower . 
The former involved a rough surface of isotropic finish, and the latter – of 
unidirectional finish. This shows that while the rate of the film formation can be related 
to the value of , other factors contribute to the rate of its removal, such as the surface 
roughness orientation. The  values were calculated from the initial roughness, not 
taking into account potential topography changes taking place during the tribotest. 
8.3.4. Estimation of the ZDDP film thickness based on the results of 
interferometric measurements 
The effect of spurious wear found in WLI and confocal topography 
measurements of surfaces with ZDDP films involves complex optical effects and the 
errors observed can differ depending on the system design. Nevertheless, the 
theoretical estimation of the influence of only the refractive index difference on the 
reading was carried out, based on the principle shown in Figure 7−5. When measuring 
the height of the surface underneath the film, a 150 nm thick film should cause an error 
(spurious wear) of about 90 nm compared to the surface without the film. It 
approximately corresponds with the scale of distortions observed in the Wyko NT9100 
results, when comparing the surfaces before and after EDTA treatment. This suggests 
that it is the refractive index difference that is responsible for the largest part of the 
observed behaviour. 
An estimation of the film thickness was carried out for three chosen surfaces: a 
smooth disc (sb100sm_zddp), a smooth ball (hb100iso_zddp), and a rough disc with 
isotropic finish (hb70iso_zddp). The film thickness was calculated for each point of the 
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surface on the basis of the WLI scans of the same area before and after EDTA 
treatment, corrected for the refractive index difference. 
A detail of the 3D map of the film thickness calculated for a smooth disc surface 
shows that the film is rough and forms patches on the surface (Figure 7−6b). The 
calculated film thickness (Figure 8−5b) is within a similar range to that observed with 
Wyko NT9100 on a gold−sputtered smooth disc with a ZDDP film (Benedet, Green et 
al. 2009b) (Figure 8−5a). The bottom film surface is the profile after EDTA treatment, 
the top surface is found by adding the calculated film thickness to the bottom surface 
(Figure 8−5b). 
(a)  
(b)  
Figure 8−5. 2D profiles of the ZDDP film on a smooth disc, taken across the wear 
track: (a) calculated with the proposed method (red line) (detail II 
from Figure 7−6a), (b) measured after gold coating (black line) 
(Benedet, Green et al. 2009b). 
-0.4
-0.2
0
0.2
0.4
0.6
0 50 100 150 200
µm
µm
Bottom film surface Top film surface
A. KARPINSKA CHAPTER 8 STUDY B – DISCUSSION 
Page 235 
 
The film topography calculated for a smooth ball (Figure 7−7b) also showed the 
film to be patchy and of a variable thickness, with the average thickness of about 
146 nm. The SLIM measurement in a test carried out under the same conditions gave a 
final thickness of 110 nm (Figure 6−31). Although the presented method provides an 
estimation rather than a precise thickness measurement of the film, other reasons than 
the inaccuracy of the method might be responsible for this difference. The calculation 
was performed on a specimen from a continuous test, whereas the SLIM test had to be 
stopped and restarted for measurement. The influence of test interruption on the 
friction, wear and roughness results were discussed earlier, but the ZDDP film growth 
was not taken into account. However, it would be unreasonable to assume such 
influence does not exist. Moreover, the SLIM method might be underestimating the 
film thickness. The ball is pressed against the glass disc and the film is expected to 
elastically conform to the disc surface. Thus, there is a possibility that due to such 
deformation the measured film thickness would be lower than in reality. 
Finally, the film topography calculated for a rough disc of isotropic finish, shown 
in Figure 7−8, suggests that the film forms mostly on the tops of asperities. The contact 
of the rough surfaces would also be expected to take place predominantly in the 
highest regions of the roughness, causing locally severe contact conditions. This is also 
consistent with a belief that the film growth is stimulated by rubbing (Fujita and Spikes 
2004; Minfray, Mogne et al. 2006). 
Further development of the film thickness calculation method is necessary to 
increase its accuracy and eliminate the errors caused by other than the refractive index 
difference optical effects. 
8.4. Surface topography in running−in 
8.4.1. Factors affecting topography changes during running−in 
Negative wear volume 
In a number of cases, a negative value of wear volume was observed, e.g. in the 
continuous tests for almost all discs of smooth finish and for a sb100iso_zddp disc. In 
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near volume calculations, a negative volume means that the final specimen surface had 
a higher volume than the initial one. Some possible causes are listed: 
- A solid deposit on the surface, such as embedded wear debris, material transfer 
from the counterface, and in case of ZDDP tests possibly some components of the 
tribofilm not removed with EDTA. 
- Oxidative wear of the surface: oxidised Fe has a higher volume than pure Fe. 
In the interrupted tests, the negative values of wear volume were present for the 
hb70iso_bo specimens in the first half of the test, and for the hb100iso_bo ball throughout 
the test. However, all wear results for ball specimens from continuous tests were 
positive. The total wear volume calculated for the hb100iso_bo from an interrupted test 
was −11.87 mm3x10−4, whereas for a continuous test it was positive, 19.09 mm3x10−4. 
Therefore, the negative result might have been in this case caused by the disturbance of 
the wear processes by the test interruptions. 
Surface finish and lay 
The Sq roughness of all examined smooth surfaces increased as a result of the 
tribotest. Discs of isotropic finish became more rough in the base oil tests, but with 
ZDDP the roughness decreased in most cases (except for the hb70iso_zddp disc). Finally, 
the surface roughness of the unidirectional discs decreased, and more so in the base oil 
than in the ZDDP tests (except for the hb100uni_zddp disc). 
The influence of the initial surface roughness on wear in the interrupted tests was 
found to be predominant over the influence of the roughness lay, and the surfaces with 
a higher initial Sq experienced more wear than those of lower Sq, regardless of the lay. 
Since the unidirectional surface finish was prepared by hand, in some cases the 
difference of initial Sq roughness between the areas of longitudinal and transverse 
finish was as high as ±0.04µm. Therefore, it is suggested that in future the procedure of 
the surface finish preparation should be modified. 
The design of the tribotest was such that each point of the ball wear track was 
periodically in contact with each point of the disc wear track. As a result, it experienced 
a whole range of roughness lays during the test time. Therefore, no definite conclusion 
about the influence of the roughness lay on the running−in could be made on the basis 
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of the obtained results. It is suggested then, that in future work the different lays 
should be applied on separate disc specimens separately. 
ZDDP additive 
The ZDDP additive was in some cases found to cause a higher roughness change 
than that observed with base oil, namely for all smooth discs and tempered balls (sb), a 
hb70iso disc and a hb70sm ball. However, the roughness was measured after the 
removal of the film with EDTA. The topography of specimens with ZDDP films intact 
might have been substantially different. 
More wear was observed in the base oil than in the ZDDP tests for all isotropic 
and longitudinal discs surfaces, sb100uni disc with transverse finish, and hb70iso, 
hb100iso, hb100uni and sb100uni balls. In the remaining tests, there was either more 
wear when the ZDDP was present in the oil (hb70sm, hb100sm, sb100iso balls, sb100sm 
disc and transverse hb70uni and hb100uni discs), or the values were very similar. The 
wear behaviour was observed to somewhat depend on the disc finish. Nevertheless, no 
consistent behaviour patterns were identified. 
Temperature 
The oil temperature affects its viscosity and, as a result, the thickness of the 
lubricating film. Moreover, it can have an influence on the initiation and the rate of the 
chemical reactions taking place during the test. Total wear volumes of rough discs 
were generally higher for higher temperature, regardless of the additive presence 
(Figure 6−38). The influence of the oil temperature on the wear of the hb ball 
specimens, as well as on the change of surface roughness of both ball and disc 
specimens could not be established on the basis of the obtained results.  
Hardness of the counterface 
Unexpectedly, the tempered ball specimen (sb) was found to wear more than the 
fully hardened one (hb) only for one set of conditions: sb100uni_bo. For sb70iso_bo, the 
wear was low for both surfaces because of the higher oil viscosity resulting in a thicker 
lubricant film. However, the explanation for a substantially higher wear volume 
observed for hb100iso_bo than sb100iso_bo was not found. 
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In an sb100uni_bo test, also the wear and roughness decrease of the disc were 
much higher than in any other test. The temper oxide was present on the unworn 
surfaces of the sb specimens, and its removal from the surface during base oil tests was 
observed only for a sb100uni_bo test (Figure 6−2b), but not for sb100sm_bo nor 
sb100iso_bo (Figure 8−6). Thus, it is suggested that in the higher oil temperature and 
with a higher surface roughness of the disc the lubricant film thickness was insufficient 
to separate the surfaces. As a result, the oxide layer was removed from the ball surface 
and the wear debris present in the oil could have caused further damage.  
 
Figure 8−6. Optical images from the Wyko NT9100 preview mode of ball wear 
tracks, showing no removal of the temper oxide layer: (a) sb100sm_bo, 
(b) sb100iso_bo. The lines are a part of the Vision software interface 
and do not have any further significance. 
Wear and roughness changes with time 
In the interrupted base oil tests, the wear volume and the Sq roughness plotted 
against the time did not follow the same trend (Figure 6−34 and Figure 6−35). 
Moreover, the running−in times for wear and roughness were found to be different 
and no straight correlation between the two quantities could be found. Nevertheless, 
the observed patterns of wear or roughness change were normally similar between the 
specimens in the same test, e.g. the roughness of a smooth ball increased at the same 
time when the roughness of the rough disc decreased, and both stabilised within the 
same time frame. 
8.4.2. Influence of running−in on the change of lubrication regime 
Interrupted tests with Stribeck curves were carried out to observe the influence of 
running−in on the friction and electrical contact resistance, as well as to identify the 
100 µm 100 µm(a) sb100sm_bo (b) sb100iso_bo
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lubrication regimes involved. In three of the tests carried out with base oil (hb100iso_bo, 
hb100uni_bo and sb100uni_bo), the obtained friction and ECR% curves clearly showed a 
transition from the boundary to the mixed lubrication regime. 
In some ZDDP tests, an initial increase of the ECR% value during the first 
Stribeck step was observed, especially at 70°C. Both the lubricant and the ZDDP 
tribofilm are non−conductive; therefore, the ECR% signal increase might mean either a 
fluid film formation or growth of an adsorbed solid film separating the surfaces. The 
latter seems more likely, as in 70°C the ZDDP film growth on the surface is slower than 
in 100°C, which could explain the different initial ECR% registered for different 
temperatures. 
In base oil tests, the observed behaviour depended largely on the initial surface 
finish of the disc. 
For all smooth discs, the coefficient of friction increased with time as the surfaces 
became rougher, especially for lower speeds and at a higher temperature, where the 
lubricant film was thinner. Moreover, the hardness of the counterface had an influence 
on the rate of the friction changes, but not on their magnitude. The system was in EHD 
to mixed lubrication regime throughout the test length. 
When the discs of higher roughness were used, the friction generally decreased 
with time, possibly due to surface smoothing or development of surface conformity. At 
the lower temperature (70°C), the change of the coefficient of friction was lower and no 
transition of lubrication regime was observed. Therefore, in hb70iso_bo and hb70uni_bo 
tests a mixed lubrication regime dominated. In hb100iso_bo, hb100uni_bo and 
sb100uni_bo, a transition was observed from the boundary to the mixed regime. The 
results for one test, sb100iso_bo, did not follow that pattern, as no transition was 
observed and the coefficient of friction did not stabilize in the test time. As a result, the 
final coefficient of friction in the tests where a transition occurred was lower than that 
for the tests where the mixed regime was observed from the beginning (Figure 8−7). A 
clear difference between iso and uni surface finish could only be seen in the higher 
temperature, where the final value of the coefficient of friction for isotropic finish was 
higher than that for unidirectional finish. 
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Figure 8−7. Final Stribeck curves after 240−minute tests with base oil only. 
The final Stribeck curves for the tests carried out in the presence of the ZDDP 
additive showed that the mixed lubrication regime dominated in all tests (Figure 8−8). 
The boundary regime was observed for the lowest speeds in the tests with discs of 
rough finish, and the values of the coefficient of friction under such conditions were 
similar for all these tests, around 0.1. No transitions of the lubrication regime were 
observed. 
 
Figure 8−8. Final Stribeck curves after 240−minute tests with base oil containing 
1% wt. ZDDP. 
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The steady−state coefficient of friction was lower for smooth than for rough 
surfaces in all examined cases (Figure 8−8). The influence of the testing temperature 
was more visible for higher than for lower speeds where the effect of the oil viscosity 
was predominant over the effect of the ZDDP film, with the friction for rough disc 
surfaces at 100°C higher than at 70°C. 
When the Stribeck curves shown in Figure 8−8 are compared to the 
corresponding curves registered during the base oil tests (Figure 8−7), it can be seen 
that the ZDDP additive caused the curves to shift towards higher speeds. As a result, 
for the same entrainment speed the lubrication regime in the presence of ZDDP will be 
more severe than in base oil. 
8.4.3. Micro−EHL analysis 
A micro−EHL analysis was performed on the consecutive topography profiles of 
an hb100uni_bo disc surface with transverse finish experiencing running−in.  
It can be seen that at time = 0 min the contact occurs mainly at four highest 
asperities (Figure 7−14a). After 0.5 min of rubbing, the highest asperities are truncated 
and instead the neighbouring asperities come in contact (Figure 7−14b). As running−in 
proceeds, further smoothing of the most prominent asperities can be observed, leading 
to a reduction of the surface roughness and an increase of the real contact area (Figure 
7−14c). However, the local pressure peaks can be still high, depending on the shape of 
the individual asperities that come into contact. 
8.4.4. Assessment of surface conformity development 
The wear volume and the change of roughness can be established for both 
contacting surfaces on the basis of the topography measurements. However, the 
rubbing surfaces do not evolve independently of each other. Moreover, the 
load−carrying capacity increase often observed as a result of running−in can come from 
a gradual development of asperity−level conformity of the two surfaces (Ostvik R. 
1968−1969). Some attempts to assess this conformity have already been made, e.g. for 
substantially worn sliding surfaces (Kimura and Sugimura 1984). 
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In this thesis, an attempt was made to evaluate the increase of the asperity−level 
surface conformity, resulting from running−in, using a cross−correlation analysis. In all 
examined cases, the wear of the disc was contained within the original roughness. 
The conformity between the test ball and the disc of longitudinal finish, 
expressed as a normalized cross−correlation, increased in the direction of rubbing as a 
result of the tribotest (red vertical band visible in Figure 7−12a). This change was less 
pronounced in the presence of the ZDDP additive (Figure 7−12b), thus indicating that 
ZDDP slows down or prevents topography changes observed during running−in. For 
transverse finish, the obtained graphs were typical for surfaces with low similarity 
(Figure 7−12c and d) and the values of the conformity development factor (CDF) were 
very low. 
Figure 8−9 shows wear and roughness results for continuous tests (after 
Figure 6−36 and Figure 6−38), together with the values of CDF. Generally, more wear 
was observed for the longitudinal, but more roughness reduction for the transverse 
finish. Neither wear nor roughness results corresponded with the development of 
conformity between the rubbing surfaces. This shows that analysing the wear and 
roughness evolution of only one surface might not provide enough information about 
the progress of running−in. 
 
Figure 8−9. The change of the disc Sq roughness, total wear volume of the disc and 
the conformity development factor (CDF) calculated for the surfaces 
after the hb100uni tests with base oil (blue) and ZDDP (red). The 
longitudinal (top row) and transverse lays (bottom row) of the disc 
roughness were examined. 
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However, the surfaces with ZDDP films were subjected to EDTA treatment 
before the topography measurements were taken. Therefore, their roughness was 
affected by the tribofilm removal. Moreover, the specimens in a tribological contact 
undergo elastic deformation, which is recovered once the load is removed, and cannot 
be detected by the topography measurements. Thus, the method needs further 
development to account for these issues. 
 
The summary of the thesis, the main conclusions arising from this work and 
suggestions for further research will be presented in the next chapter. 
A. KARPINSKA CHAPTER 9 CONCLUSIONS 
Page 244 
 
Chapter 9. CONCLUSIONS 
9.1. Summary of thesis 
The study of running−in of rough metallic surfaces under rolling/sliding 
conditions in the presence of the ZDDP anti−wear additive has been described. 
On the basis of the literature review, it was established that the topography 
changes taking place during running−in in rolling conditions or in the presence of 
anti−wear additives have rarely been investigated. As the running−in, or a lack of 
thereof, can have a significant effect on the long−term system performance, such as on 
the initiation of the micropitting wear, it became the motivation for this study. 
Tests were carried out using a Mini Traction Machine, in which a sliding/rolling 
contact is achieved between the test ball and the disc. The specimens were varied 
according to their surface finish and hardness. The results obtained included friction, 
surface roughness parameters, wear volume and the ZDDP film thickness. 
The experimental procedures involved interrupting the test to either remove the 
specimens and measure their topography, run a Stribeck test or measure the thickness 
of the tribofilm. Such interruptions were found to influence the test results. 
The tests confirmed that no transition from boundary to mixed lubrication 
regime takes place in the presence of the ZDDP. The observed increase of friction did 
not correlate with the growth of the tribofilm thickness, suggesting the film thickness 
did not have a predominant influence on the friction. While the rate of the film 
formation was related to the lambda ratio, the rate of its removal depended on the 
direction of the roughness lay. 
The micro−EHL analysis showed the values of the local contact pressures at a 
given location on the surface to be fluctuating with time as some asperities were worn 
and new asperities came into contact. 
A number of techniques have been suggested or developed. The wear volume 
calculation methods for surfaces of various finish were introduced. An attempt was 
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made to estimate the ZDDP film thickness and topography based on the correction of 
WLI topography measurement results for the difference of the refractive index between 
the tribofilm and air. The possible causes of the spurious wear effect observed in the 
results of the optical measurements of the surfaces with ZDDP films were discussed 
and it was suggested that knowing the details of the optical phenomena involved, it 
could be possible to design a system actively correcting the specimen−induced 
aberrations and precisely measuring both top and bottom surfaces of the film. Finally, 
a cross−correlation analysis was used to assess the development of the asperity−level 
surface conformity in a system where wear is contained within the original roughness. 
9.2. Summary of main achievements of the research 
This work is a new study of the running−in of rough metallic surfaces under mild 
rolling/sliding conditions, taking into account the presence of a ZDDP anti−wear 
additive. Previous studies of running−in have mostly concentrated on conforming 
sliding surfaces, subject to high amounts of wear. 
 
In the work presented in this thesis, testing procedures suitable for investigating 
running−in under mild wear conditions were developed and evaluated and 
suggestions for further improvements have been given, some of which are listed in the 
next section. 
 
An MTM tribotester was exceptionally employed here in a study of time−dependent 
wear behaviour of rough surfaces. Normally, it has been used for investigation of 
frictional behaviour and lubrication regimes of smooth surfaces in rolling/sliding, 
which are now relatively well understood. 
 
The influence of various test interruptions on the system response was investigated: 
 
- The stop/start actions caused discontinuities in the friction and ECR% curves, 
even when the test was immediately resumed. Lower wear and change of 
roughness were observed when the specimens were periodically removed from 
the rig and cleaned; this was attributed to the inhibition of some wear processes 
by a removal of wear particles. 
A. KARPINSKA CHAPTER 9 CONCLUSIONS 
Page 246 
 
- A lower steady−state coefficient of friction was found in the tests involving 
Stribeck curves; this was attributed to higher wear and roughness changes 
caused by more severe contact conditions occurring periodically in such tests, as 
compared to continuous tests. 
 
- Although differences in friction were observed between different testing 
procedures, the friction, wear and roughness results for both ZDDP and base oil 
tests displayed the same trends regardless of the procedure involved. 
 
White light interference microscopy (WLI) was used to investigate rough surfaces in 
the presence of thin transparent tribofilms caused by the ZDDP additive. The causes of 
the apparent “spurious wear” phenomenon were investigated. Possible causes 
included: the change of the optical path length due to the difference of refractive 
indices, multiple internal reflection, a phase change at the air/film interface, a changed 
spectral reflectance of the surface and increased specimen−induced spherical 
aberrations. Possible solutions of the problem were also investigated, such as film 
removal with EDTA, optical measurement of the surface after gold−sputtering, use of 
non−optical methods (AFM, stylus profilometry), surface replication or modification of 
WLI or confocal system design to correct the optical effects involved. 
 
A novel method of ZDDP film thickness calculation from the WLI scans of the same 
area before and after tribofilm removal was proposed, based on the assumption that 
the difference of refractive index is the predominant factor causing the spurious wear 
effect due to the very small proportion of light reflected at the outer surface. This 
enabled the film thickness and topography to be estimated. 
 
- The calculated film topography for smooth flat and curved surfaces showed the 
film to be patchy and of a variable thickness within the range expected for ZDDP 
on the basis of other techniques. 
 
- The results obtained for a rough disc of isotropic finish suggested the film 
formation to be taking place mostly on the tops of asperities. This would be 
consistent with a belief that the film growth is stimulated by rubbing (Fujita and 
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Spikes 2004; Minfray, Mogne et al. 2006), since the initial contact of rough 
surfaces is expected to take place predominantly in the highest regions of the 
roughness where the local pressure, temperature and wear damage are expected 
to be largest. 
 
In the Study B, a transition in lubrication regime as a result of running−in was studied 
in tests carried out with base oil without any additives: 
 
- The running−in was observed as a transition from boundary to mixed lubrication 
regime, evident in the friction and electrical contact resistance results from most of 
the base oil Stribeck tests carried out with rough discs at 100°C. 
 
- The steady−state coefficient of friction was significantly lower for the surfaces 
where the transition from the boundary to the mixed lubrication regime had 
occurred than for the tests where the mixed regime was present from the start. 
 
- The running−in times in a given base oil test for wear and roughness were found 
to be different, which was consistent with previous observations (Blau 1989). 
 
In the Study B, the formation of ZDDP films and their influence on the system response 
during running−in were investigated: 
 
- It was found that while the rate of the film formation can be related to the value 
of the lambda ratio, other factors contribute to the rate of its removal, such as 
surface roughness orientation. The tribofilm removal was found to be faster for 
the unidirectional than for the isotropic finish. 
 
- The highest increase of friction during running−in was observed in the mixed 
lubrication regime. 
 
- The steady−state friction in the boundary regime was found to be higher for 
higher disc surface roughness. 
 
- The presence of the additive caused the Stribeck curve to shift towards higher 
speeds as compared with the results of the corresponding base oil tests. 
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- It was found that the trend of friction changes observed during running−in did 
not correlate with the thickness increase of the tribofilm. In all examined cases, a 
stable level of friction was achieved after about 10 minutes from the test start, 
whereas the time to reach maximum film thickness depended largely on the 
temperature and surface finish and varied from 30 minutes to over 240 minutes. 
This suggested that the friction depends on the surface coverage rather than the 
thickness of the ZDDP tribofilm. However, the possible influence of the film 
roughness on the surface topography was not investigated. 
 
- The ZDDP films formed on the tempered AISI 52100 steel balls were found to 
have different optical properties than the films present on the fully hardened 
specimens, possibly due to a different structure of the film arising from oxidation 
during heat treatment. The effect of spurious wear in WLI measurements was not 
observed and the film−covered area was instead visible as higher than the 
unworn surface. 
 
It was shown that an increase of asperity−level surface conformity in a system where 
wear is contained within the original roughness can be evaluated on the basis of 
cross−correlation analysis. A similar approach was used before only for substantially 
worn sliding surfaces (Kimura and Sugimura 1984). The conformity between the test 
ball and the disc of longitudinal finish was found to increase in the direction of sliding 
as a result of the tribotest. This change was less pronounced in the presence of the 
ZDDP additive, thus indicating that ZDDP slows down or prevents topography 
changes observed during running−in. For the transverse finish, the analysis results in 
both cases indicated surfaces highly dissimilar from each other. 
 
On the basis of the EHL analysis results, it was shown that as running−in proceeds, the 
contact pressure can be still locally high when a new asperity comes into contact after a 
previous, higher one, was worn. These local pressure peaks depend on the shape of the 
asperities and the overall real contact area. 
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9.3. Suggestions for further work 
A further development of the film thickness calculation method based on the WLI 
scans of the same area before and after tribofilm removal is necessary to increase its 
accuracy and eliminate the errors caused by optical effects other than the refractive 
index difference. 
 
It is recognized that to further investigate any topography−related phenomena when a 
transparent film such as ZDDP is on a rough surface, a method should be developed 
where both top and bottom surfaces of the film can be measured. It is suggested that a 
thorough analysis of the optical phenomena involved in the effect of spurious wear 
should be performed. Furthermore, there is a possibility that on the basis of such 
analysis, a WLI scanning microscope or a confocal system could be modified to make 
use of the optical properties of the tribofilm to map its thickness and detailed 
topography. 
 
It is recognized that to advance the understanding of the lubricated running−in of 
rough surfaces, it is necessary to develop a real time topography measurement method 
according to the following specification: 
- the method should be coupled with a tribotester, so that the friction and 
topography changes of at least one surface can be monitored throughout the test, 
- a non−contact, possibly optical method, fast, and of high resolution, 
- the presence of oil and debris on the surface should be taken into account, 
- vibrations and measurement noise need to be minimised and/or corrected. 
Additional features may be possible, such as: 
- a correction for measuring surfaces with transparent tribofilms, 
- a possibility of precise relocation of the measurement if wear volume calculations 
are required, 
- a possibility to measure both contacting surfaces in a synchronized manner if the 
development of surface conformity should be examined. 
 
There is a need for a mixed lubrication model that would be able to simulate the wear 
of asperities of rough surfaces and update the surface topography after each pass. Such 
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approach would allow an investigation of the influence of running−in on the evolution 
of the contact conditions with time and the accumulation of plastic strain in the 
material. 
 
The work on the analysis of the development of asperity−level surface conformity 
should be continued. The method presented in this thesis is simplified and is based on 
uncertain assumptions. However, it was shown that there is a potential of using the 
cross−correlation analysis to study the development of conformity in low wearing 
systems. Also, taking into account the effect of asperity−level conformity in modelling 
of rough surfaces in contact should be considered. 
 
It was shown that using a variable surface orientation on one specimen does not allow 
to fully address the questions about the influence of the roughness orientation on 
running−in. In future studies, the different lays should be applied on separate 
specimens. 
 
Some questions that arose from the results of the Study A were not answered, as it was 
decided that further study of the observed effects does not comply with the objectives 
of this thesis. These questions were as follows: 
 
- Why in the presence of ZDDP the observed wear was higher than in a 
corresponding base oil test? 
 
- Did the AISI 1013 steel ball specimens experience any wear and what was the 
extent of this wear, as well as of the observed deformations? 
 
- How to explain the registered ECR% variations? 
 
Additionally, some of the explanations proposed in the Study A need further 
confirmation: 
 
- The wear and friction results were explained by a presence of extremely hard 
silicon carbide (SiC) particles embedded in the soft steel surface as a result of the 
machining process. However, only one FIB specimen taken from a ball surface 
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was examined for the presence of SiC. Therefore, the quantitative assessment of 
the amount of embedded particles in different areas of the ball should be done. 
 
- It was proposed that the observed high initial rolling friction can be attributed to 
a high amount of plastic deformation in the soft surface and its decrease during 
running−in was a result of shakedown. An investigation of the elastic−plastic 
behaviour of this material under the test conditions should be performed. 
 
- A confirmation of the presence of a ZDDP film on the worn disc surface is 
needed, such as by electron microscopy techniques. 
 
- A relatively low level of sliding friction observed in Stribeck tests was attributed 
to the influence of SiC particles. However, further investigation is recommended. 
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